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Abstract
The ultimate motivation for this research is to investigate and quan-
tify the nature of ultraviolet radiation for medical application over a
variety of skin diseases. While application of both narrow-band and
broad-band ultraviolet light have demonstrated great success in the
treatment of a multitude of dermatological conditions, over-exposure
to this section of the electromagnetic spectrum can be detrimental to
human health, and the crux of the issue is striking a balance between
maintaining a biologically eective dose while minimizing the impact
on the overall health of the patient.
Treatment cabins typically consist of a series of ultraviolet emitting
lamps surrounded by an array of anodized aluminium reectors posi-
tioned around the lamp to increase the incident dose on the patient
in the treatment cabin. Many dierent factors are important in esti-
mating the patient dose, including the nature of lamp emission, the
properties and placement of the reectors and the position and self-
shielding from the patient as well as cabin geometry. Lamp failure
can also occur, complicating matters. A dose model that estimates
all these factors and quanties them could be of use in a variety of
clinical applications.
This research focuses on methods of quantifying these various ele-
ments contributing to patient dose, and the creation of a dose model
for patients undergoing ultraviolet phototherapy.
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Chapter 1
Introduction
The observation that exposure to sunlight can be biologically benecial for certain
conditions aecting the skin has been known since antiquity. The ancient Greeks
practiced a very early form of heliotherapy, and this knowledge was not just lim-
ited to hellenic cultures; the Assyrians, Egyptians, Romans and Inca practiced
some form of worship equating the sun with health. Nor was this practice limited
to hot climates exclusively; Worshipping the sun as a health bringing deity was
also recorded by early German settlers (Ellinger 1957) and presumably other cul-
tures. Scientic interest in the subject and the corresponding rigour that entails
began in earnest around the 19th century, when investigations into the spectrum
of the sun began. The ultraviolet portion of the solar spectrum, a subject at the
very core of this work, was discovered by Johann Ritter in 1801 (Meyer 1952)
when he showed beyond doubt that certain chemical reactions were triggered
by some portion of sunlight beyond the violet. Later that century, Niels Finsen
proved experimentally that it was ultraviolet radiation (UVR) that provided the
mechanism for sunburn rather than the radiant heat such a name might suggest.
The work of Finsen eectively laid the foundations for modern ultraviolet pho-
totherapy (Magnus 1978) as he painstakingly researched the application of UVR
to biological processes, and as a by-product improved contemporary understand-
ing of UVR. Finsen was awarded the Nobel prize in Medicine and Physiology in
1903 \in recognition of his contribution to the treatment of diseases, especially
lupus vulgaris, with concentrated light radiation, whereby he has opened a new
avenue for medical science."
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The early 20th century saw further developments in the eld. The excitement
over the potential applications of heliotherapy lead to the formation of the 'Light
league' by the prolic writer and doctor Caleb Saleeby. Saleeby campaigned
relentlessly for this project, and the mission statement of the league was \the
education of the public to the appreciation of sunlight as a means of health;
teaching the nation that sunlight is nature's universal disinfectant, as well as a
stimulant and tonic". He recounted the testimony of a Dr. Rollier of Leysin
who claimed to be able to cure or treat numerous diseases with sunlight alone,
including spinal tuberculosis, war wounds and bed sores (Saleeby 1926). In a
review on the subject by Diey (1980), he aptly notes the contrast between the
views of Saleeby and the opinion of the dermatologists at the VIIth International
congress of Photobiology in Rome, 1976, who were of the opinion that excessive
doses and even moderate exposure to sunlight could be potentially very harmful.
Perhaps this historical background is the very epitome of phototherapy; benecial
at correct dosage, and potentially detrimental when taken to excess.
The term heliotherapy or light therapy can refer to a range of treatments for
a multitude of ailments. For example, circadian rhythm sleep disorder (CRSD)
often suered by shift workers can be eectively treated using lightboxes (Smith
and Eastman 2008). Babies born with neonatal jaundice can be treated with blue
light or Bili light to break down bilirubin into compounds the infant can excrete
(Ennever 1990). Specically though, this work is concerned with the ultraviolet
branch of phototherapy. Ultraviolet wavelengths have wavelengths between 100
- 400nm are are further subdivided into UVA (320 - 400nm), UVB (290-320nm)
and UVC (100-290nm) but these borders between these subdivisions can vary
slightly (Diey & Hart 1997, Moseley 1988). Ultraviolet radiation treatments
are used to treat a variety of skin conditions. For dermatological applications,
UVR treatments tend to be either narrow-band UVB treatments centred around
311nm or broadband UVA treatments in conjunction with a skin photosensitizing
agent or Psoralen, which readily absorbs UVA. The latter treatment is commonly
referred to as a PUVA treatment (Green et al 1992).
3
Ultraviolet radiation is technically quite damaging to the molecular integrity of
DNA through both direct and indirect interactions (Parrish et al 1982, Ribeiro et
al 1991) and the human body has adapted the defense of melanin pigmentation
(Fitzpatrick 1988) to counteract the negative repercussions of ultraviolet expo-
sure and their detrimental side-eects; Acute ocular exposure to UVR can cause
eye damage, particularly photokeratisis or snow blindness. Chronic over-exposure
can result in increased incidence of cataracts (Sliney 2007). The signature eect
of UVR on skin is erythema (sunburn), and in addition to this, light in the UV
wavelength band can damage collagen, decreasing skin elasticity and promoting
advanced aging and wrinkling (Diey 1980, Fisher et al 1997). While these ef-
fects of UVR exposure are considerably unpleasant, the primary concern with
this spectrum of radiation is the potential for carcinogenesis. Exposure to high
amounts of ultraviolet radiation has long been a risk factor in developing skin
cancers (de Gruijl 1999). In order of seriousness, cancers commonly associated
with over-exposure to UVR are basal cell carcinoma , squamous cell carcinoma
and malignant melanoma (Diey and Hart 1997).
Given these seemingly negative eects of ultraviolet radiation on human biolog-
ical tissue, it may seem surprising that UVR could be the basis for any medical
therapy, especially for skin diseases. Yet UVR phototherapy is a well-proven
and common treatment for dermatological conditions such as Psoriasis (Gordon
et al 1999), Eczema (Grundmann-Kollmann 1999), Polymorphic light eruption
(PMLE) (Honigsmann 2008) and many other ailments. The reason why UVR is so
eective at clearing these conditions is not entirely clear, but it is suspected that
the ability of UV light to modulate the functioning of the immune system may
be the reason. Many skin disorders are autoimmune in origin or originate with
autoimmune diseases (Barker 1997), meaning that a patient's immune system in-
correctly identies cells in the patient's body as foreign pathogen and over-reacts
to their presence, attacking them. The modulation of immune responses after
exposure to UVR may help mitigate the over-reacting immune system (Schmitt
and Ullrich 2000).
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As two general treatment modalities for UVR phototherapy exist, the option to
use one or the other comes down to the medical reality of the patient's condi-
tion. UVR treatments are most often used to treat skin conditions, which are
highly idiosyncratic, and can manifest in various forms. Studies to date (Gordon
et al 1999, Yones et al 2006, Sezar et al 2007) indicate that PUVA treatments
clear certain forms of psoriasis better than narrow-band (NB) UVB treatments.
However, many patients can have toxic reactions to the psoralen which renders it
ineective for some patients. Also, pregnant women and those on blood thinners
or certain medications cannot use the photosensitizing agent, and thus UVB is
often used. For chronic eczema, the clearance rate and duration of therapy is
roughly the same for PUVA and NB-UVB (Sezar and Etikan 2007). NB-UVB
treatments do not have the side-eects associated with PUVA treatments, such as
as unpredictable phototoxic reactions, vomiting and nausea. NB-UVB therapy
also has zero drug costs and shorter treatment duration (Njoo et al 2000) for
patients with vitiligo. A study of patients suering from lichen planus indicate
that PUVA treatments perform better than NB-UVB treatments (Wackernagel
2007). For conditions like Vitiligo, evidence suggests UVB treatments work more
eectively (Bhatnagar et al 2006). Investigation of treatment response to my-
cosis fungoides indicates strongly that NB-UVB is the best treatment modality
(Diederen et al 2003). A study of NB-UVB as a treatment for perforating der-
matosis indicates that is it an eective treatment (Ohe et al 2004). Clearly the
modality of treatment should reect the condition and patient response. Impor-
tantly, the carcinogenic potential of both modalities should be evaluated.
There is a body of evidence to suggest that long term PUVA treatments lead
to higher carcinogenicity, specically increased rates of squamous cell carcinoma
(SCC) (Stern and Laird 1994). The same study concluded that NB-UVB treat-
ments do not signicantly increase the risk of developing SCC or basal cell car-
cinoma (BCC). A more recent study (Weischer et al 2004) conrms that while
there is increased risk of cancers with PUVA treatments, NB-UVB treatments
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do not seem to increase the risk. For this reason, along with the relative ease
of treatments, many clinicians opt to use NB-UVB treatments if possible. The
question of why PUVA treatments seem to increase incidence of cancers is still
being examined, but research suggests that UVA can cause mutagenesis in mam-
malian cells (Jones et al 1987, Studniberg and Weller 1993).
The problem of ultraviolet dosimetry is one of great interest to medical physi-
cists and clinicians in practice. The severity and extent of skin conditions varies
signicantly with patients, and it is critical to ascertain a safe yet eective dose.
Treatment cabins typically consist of a number of uorescent tubes as the UV
source. The photons produced inside the lamp tube are typically UVC of wave-
length   253:7nm, produced by transitions from of mercury atoms excited by a
current to a ground state. These photons are incident upon a phosphor coating on
the tube wall, and depending on the chemical composition of the phosphor chosen,
a photon of a desired wavelength or wavelength band can be emitted (Murdoch
1985). In the case of NB-UVB, the emitted photon is typically 311nm. These
emitting lamps are generally placed in front of mirrors to increase the irradiation
of the patient, and a typical cabin consists of many tubes in a variety of possible
geometries. Phototherapy cabins are produced by a range of manufacturers, such
as Waldmann, National Biological, Daavlin, Dixwell and Cosimo. Each of these
companies produce many models with various numbers of tubes, reector types
and geometries, complicating the process of building a dose model somewhat. In
addition to the problems of geometry, tube output can uctuate with time and
background temperature, complicating the process somewhat. Tubes often fail
and need to be replaced, and this can complicate the picture of patient irradiance
(Diey and Hart 1997, Currie et al 2000). Measuring dose is important as it al-
lows the operator to quantify the amount of UVR incident upon the patient and
hence regulate the amount received and ensure it is close to the optimal amount,
maximizing the benets of treatment while minimizing the potential detrimental
side eects.
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Because of this huge variability in patient treatment solutions, the inherent vari-
ability of the treatment and the complexity of fully calculating dose, most pho-
totherapy centres estimate dose using the Scottish ultraviolet dosimetry guide-
lines, or 'ScUVido' (Moseley 2001). In this system, a UVR protected clinician
stands inside the cabin and using a radiometer calibrated to the specic wave-
length of treatment, measures the irradiance at 12 dierent positions on their
body. These measurements provide a baseline of irradiance at a particular po-
sition. This baseline is examined each week by the operator and any signicant
changes are recorded. These changes can indicate a lamp is failing, or has reduced
in output and may need to be replaced. In practice, this method is exceptionally
useful as it allows the operator to estimate cabin irradiance and any meaningful
changes that occur. Essentially, it provides useful local calibration and is easily
implemented and widely used. Despite this, it has some considerable drawbacks
and potential causes of error; chiey, the size and shape of the operator will in-
uence the recorded irradiance through both geometrical changes and the eects
of patient (or operator) self shielding (Langmack 1997). Also, reections from
the operator gown may throw o measurements. Also, the operator needs to be
inside the cabin to get the measurements. While it gives good estimation, a more
objective method is desirable. An automated irradiance detector for UVR pho-
totherapy cabins has been developed (Currie et al 2000) by using a collimated
and uncollimated detector pivoting on a stepper motor but due to component
cost, most hospitals and clinics tend to use ScUVido.
The standard method for estimating what starting dose a patient should re-
ceive from the UVR treatment is usually decided in the case of NB-UVB by
ascertaining the minimal erythema dose (MED) . This is the minimum level at
which the patient responds with the classic skin reddening associated with ery-
thema. Treatment then begins at a percentage of this level to keep the dose at
suberythogenic levels throughout treatment. In the case of PUVA treatments,
the minimal phototoxic dose (MPD) is obtained and treatment exposure is kept
below this level (Bisland et al 1997, Diey 2002, Gordon et al 1998). Although
7
guidelines in phototherapy state that MED/MPD is the standard method for es-
tablishing treatment levels, it has been acknowledged that there is currently no
uniform protocol shared by all phototherapy centres (Damian et al 1997, Murphy
et al 1997) and that dierent photocentres use a variety of methods to test skin
response, including handheld devices, arrays of UV lamps and even entire pho-
totherapy cabins (O'Connor and O'Hare 2003, Wishhart 2001). Because of this,
there is a degree of ambiguity about the actual dosage received in photo-testing
as well as in actual treatment.
These considerations lead to the conclusion that the development of a UVR dose
model for phototherapy that could take account of the numerous factors that
inuence patient irradiation such as tube output, reector contributions, cabin
geometry and patient self-shielding would be of benet to both clinicians and
patients while avoiding the ambiguity of more ad hoc methods. The principle
aim of this body of work is to outline and implement a dosimetry model for UVR
treatments which can quantify the irradiance and dosage received by a patient on
their body surface. Such a model could potentially shed light on processes such
as photoadaptation, where the skin 'adapts' to UVR. A model that could quan-
tify dose could also be used to examine the eects of failing lamps and o-centre
patient placement.
Chapters 2 - 4 comprise the literature review section of this PhD thesis, estab-
lishing what work has been done in the eld and the current understanding and
methods used in UVR phototherapy and the areas of dosimetry, modeling and bi-
ological considerations associated with it. The production of UVR for treatment
and the biological eects both positive and detrimental are discussed in some
depth. These chapters also provide an overview of the current state of treatment
and dosimetry methods commonly employed. The advantages and drawbacks
of current dosimetry methods are outlined and the problems inherent in pho-
tobiology discussed in some depth. Existing models are examined and there is
discussion on the factors inuencing patient irradiance.
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Chapter 5 onward is original research towards building a more powerful model,
and investigations to that end. Chapter 5 concerns itself with a very simple radial
model that has some merit and can give accuracy of within 10% in some limited
cases. The radial model is investigated to see whether it could eectively be
adapted for all cases. A discussion of patient shielding is also introduced. Chap-
ter 6 heralds investigation into a formal line source model, treating the tube as a
linear array of point sources. Using integral calculus and the properties of these
point sources, this approach yields an analytical expression from irradiance from
a lamp source. The major benet of this model is that it takes account of the
angle that radiation reaches it from, and so is applicable for any surface normal
relative to the tube surface. Two forms of the solution are discussed; a simple
case for a detector focused directly on a lamp and a powerful general form of the
expression for any surface normal and radial vector from the tube are derived in
this chapter as a promising method for characterizing tube output. Chapter 7 fol-
lows on from the prior chapter by rigorously testing the model through a variety
of dierent experiments to ascertain how robust and eective it is. Both the sim-
ple and general form are investigated and found to describe the radiation emitted
from the lamps to a very high degree, establishing that the formalized line source
model amply characterizes UVR output from phototherapy lamps on any surface.
Chapter 8 expands the theory outlined in prior chapters extending it to reec-
tions from the aluminium surfaces placed in phototherapy cabins to direct UV
onto the patient. The extension assumes that the mirrors form images of the line
source and these images can be treated as secondary sources and the resultant
irradiance found. The picture is somewhat complicated by the fact that there will
be as a consequence 'zones' of reection from one mirror, both mirrors or none. A
method for calculating the zones of reection is also introduced. Chapter 9 inves-
tigates the theory established in the preceding chapter to determine its validity
and examine whether it is experimentally vindicated and in what circumstances.
Chapter 10 puts all the research together and gives examples of how such a
complete dose model could be implemented in practice, using examples of real
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situations that can occur in practice. A discussion of observations, future work
and conclusions is found in the concluding chapter.
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Chapter 2
Biological eects of Ultraviolet
Radiation
2.1 Ultraviolet radiation
The UVR portion of the electromagnetic spectrum lies between 100nm and 400nm,
between the visible and X-ray part of the spectrum as illustrated in gure 2.1.
The term 'ultraviolet' (UV) arises as this wavelength band begins just beyond
visible violet light. The UV band is usually divided into three further subdivision;
UVA, UVB and UVC based on their respective biological eects. The most com-
monly encountered classication is that dened by the International Commission
on Radiation (CIE) (CIE,1970) shown in table 2.1.
Table 2.1: CIE Ultraviolet classication
Classication Wavelength Band
Ultraviolet A (UVA) 400nm - 315nm
Ultraviolet B (UVB) 315nm - 280nm
Ultraviolet C (UVC) 280nm - 100nm
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Figure 2.1: Sections of the Electromagnetic spectrum
While this is the most common classication, variations exist on the boundaries
between these bands. Sometimes 320nm is taken as the boundary between UVA
and UVB and 290nm as the boundary between UVB and UVC (Diey and Hart
1997). The sun is the primary source of UVR incident upon the Earth's surface.
While the sun emits large amounts of all UVR, the Earth's atmosphere is re-
markably able at attenuating the more biologically harmful bands by absorbtion;
wavelengths of less than 290nm are eectively removed by the atmosphere and
as a result are not present on the Earth's surface. Of the sun's radiation that
reaches Earth, only 5% is in the UVR range. Rayleigh scattering by particles of
oxygen and nitrogen has a signicant eect on reducing UVR with wavelengths
longer then 310nm (Moseley 1988). Of the UVR that reaches the Earth's surface,
96:65% is UVA and 3:35% is UVB (Diey 2002).
2.2 Production of Articial UVR
There are several ways to produce UVR, including gas discharge lights, arc lamps
and metal halide lamps. In the context of ultraviolet phototherapy, the UV source
used is a uorescent lamp therefore this section will focus on this mechanism. A
uorescent tube operates on the same principle as a gas discharge lamp - the lamp
consists of a tube containing a low pressure gas or gas mixture which is ionized by
running a current through it. These excited atoms fall back to their ground state,
emitting a photon. The wavelength of this emitted photon is dependent on the
gas mixture used. Additionally, the tube itself is often coated with a phosphor
so that when the emitted photon is incident upon the tube walls, it stimulates
the emission of a photon of a dierent wavelength through the mechanism of
uorescence. UVR lamps use a mixture of mercury vapor
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Figure 2.2: (A) UVR tube (B) Energy states of mercury gas
and inert argon gas. Electrons are emitted from the electrodes at either end of
the tube either by thermionic emission, high-eld emission or a mixture of both
methods. These electrons are accelerated by the applied electric eld where they
encounter the argon atoms and excite them. The rst ionization stage of Argon
is metastable (11.56 eV), and the Argon helps establish an arc by forming a Pen-
ning mixture with Mercury; this has the net eect of making mercury easier to
excite to the desired level (Murdoch 1985). Mercury has an ionization level of
10.39 eV and an excited state at 4.88 eV that is not metastable, so the excited
atoms revert immediately to their ground state and radiate a photon in the UVC
range of wavelength 253.7nm as in gure 2.2. These photons then impinge on
the phosphor coat of the tube and uoresce and emit a photon of a wavelength
dependent on the phosphor used. For a visible uorescent lamp, this output will
be over a broad-band with an average wavelength of 555nm. For a narrow-band
tube such as the TL/01 used in phototherapy, the output will be narrow-band at
311nm. The mechanism remains the same in both cases, but the type of phosphor
used determines the output wavelength. Mercury is used as the active gas for
three main reasons; rstly, it produces a single ultraviolet line and has a high
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probability of reaching the emitting non-metastable state. Secondly, because it
is a material with a vapor pressure of 1:8m at room temperature which means
the lamp does not have to be heated excessively. And nally, for high luminous
output it is required that the source have a high quantum ratio. This quantity is
dened as
QR =
EO
EUV
=
O
UV
(2.1)
where EO and EUV are the respective energies of the output and ultraviolet pho-
tons and O and UV their respective wavelengths. So for a tube producing visible
light at 555nm, the QR is 0.46 and for a narrow-band UV tube at 311nm, the QR
is very high at 0.8158 (Murdoch 1985). Using inert gases such as argon in the
mixture helps establish the arc as they ionize at lower tube voltages than other
gases, increasing the likelihood of further excitation. The excitation of inert gas
also leads to the Penning eect, making the process more ecient. Lastly, the
mercury arc must be contained, and without the inert gas pressure the mercury
atoms and ions would move towards the tube wall, making the resultant com-
binations excessive and inecient. The presence of the inert gas in the form of
argon counteracts this (Murdoch 1985, Diey and Hart 1997).
Gas discharge lamps are examples of negative resistance phenomena, which es-
sentially means that as current increases, lamp voltage decreases. This must be
controlled with in order to limit current. The most simple solution is to use a re-
sistor but this leads to large power loss and reduction in eciency. Consequently,
resistive ballasting is thus used only when a lamp is being operated under condi-
tions of direct current. For all other situations, reactive or electronic ballasting
is employed to regulate the current running into the lamp (Murdoch 1985)
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2.3.1 Source Spectra
The output spectra of a particular lamp will depend upon the gas mixture and
phosphor used. For dierent theraputic applications, dierent spectra may be
used and as a result there are many readily available commercial lamps with
varying outputs at various wavelengths available. While UV lamps are often
divided into UVA and UVB lamps, this does not always characterize the lamps
themselves; some may have output in both the UVA and UVB or may be relatively
broad-band across the spectrum (Diey and Hart 1997) so it is more correct to
analyze UVR lamps in terms of their spectral power distribution. Outputs of
some common UVR lamps are shown in gure 2.3.
2.3.2 Source stability and output
Individual uorescent lights reach full output within one minute of being powered
on (Diey and Hart 1997). However, factors such as temperature of the cabin can
have an inuence when many lamps are being operated together, as is usually
the case in a clinical setting. In such cases it can take up to 15 minutes for the
lamps to stabilize, depending on the degree of forced cooling provided by the
unit. Maximum UVR output is achieved when the lamps are run in free air with
ambient temperatures of 25   30 degrees centigrade. If cooling is not adequate
and temperature increases above 30 degrees the output decreases for older model
tubes (Diey and Hart 1997) but some newer tubes have an optimal temperature
of 40 degrees centigrade (Phillips 2007) as shown in gure 2.4. Tube output also
decreases with active lifetime; Fluorescent lamps typically have a 'running in'
period where the radiation output rate falls steeply in comparison to the tube's
later life. This period is typically 100 hours. The useful lifetime of a tube is
approximately 500-1000 hours, after which tubes tend to fall to about 70  80%
of their output at the end of the running in period. At such a time the tubes are
typically replaced.
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Figure 2.3: Spectral outputs from some common Phillips UV lamps (a) Narrow-
band TL/01 (b) TL/12 (c) TL/10 (d) TL/209.(Phillips 2007)
Figure 2.4: Radiant output versus tube temperature for phillips UV lamps (Phillips
2007)
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Melanin and Deoxyribonucleic acid (DNA) are extremely ecient and well adapted
photo-protective agents. This is due to them having an extremely ecient inter-
nal conversion, converting the vast majority of incident UV photons to harmless
amounts of heat. Melanin and DNA in skin can convert the vast majority of
incident UV to small amounts of heat which dissipate harmlessly as the ultrafast
conversion process of DNA means that the excited life-time is in the femtosecond
(10 15s) regime, and thus the excited molecule doesn't have enough time to react
with other molecules. If the excited state was much longer, then it would lead
to the generation of harmful free radical and reactive species like the hydroxyl
radical or singlet oxygen which would damage DNA (Ribeiro et al 1991).
The quantum yield (percentage of molecules quickly dissipating the photon to
heat) of both DNA and eumelanin, the form of melanin most common in humans
is over 99.9% for both molecules (Meredith and Riesz 2004). While the photo-
protection provided by these agents is extremely ecient, there are two distinct
cases where it can break down. These cases are namely the case of direct DNA
damage and indirect DNA damage, which are discussed here.
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Figure 2.5: Direct DNA damage caused by a UVB photon
2.4.1 Direct DNA damage
While DNA can convert the vast majority of incoming photons rapidly into harm-
less heat energy, there are a small percentage of photons that will get through
this evolved defence. When this occurs, an incoming UVB photon is completely
absorbed, forcing thymine base pairs in DNA to bond to each other which would
not naturally occur. In the case of UVR, this most often results in thymine form-
ing bonds with itself, called a thymine-thymine dimer (Goodsell 2001). These
erroneous pairs form lesions in the structure of the DNA, which may be repaired
by the mechanism of nucleotide excision repair, but unrepaired dimers can be
mutagenic (Whitmore et al 2001). This mutagenic DNA can lead to the skin
cancer melanoma (Vink and Rosa 2001). This form of cancer is localized to the
site of exposure. Direct DNA damage also provokes an increase in melanin pro-
duction to counteract the damage, so such as a long lasting tan. Over-exposure
leads to sunburn (Parrish et al 1982). These eects can be considered a painful
warning sign of direct DNA damage, but it is worth noting that this mechanism
of DNA damage only accounts for 8% of melanomas, the rest being attributable
to indirect DNA damage (Davis et al 2002).
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Figure 2.6: Indirect DNA damage. Produced compounds are highly toxic to DNA.
2.4.2 Indirect DNA damage
Indirect DNA damage occurs when a UV photon is incident upon a chromophore
that cannot quickly reduce the excited molecule to harmless heat and thus has
a correspondingly long lifetime, around 103 - 106 times than that of melanin
(Cantrall and MacGarvey 2001). Because of this long excited state, reactions with
other molecules can occur. Two processes which can occur are the generation
of free radicals and reactive oxygen species, both of which are mutagenic and
detrimental to DNA integrity through the mechanism of oxidative stress (Ribeiro
et al 1991). Indirect DNA damage accounts for 92% of melanomas including the
most serious cases of malignant melanoma (Davis et al 2002) and unlike direct
DNA damage, there is no pain warning. The melanoma can manifest in unexposed
sites as free radicals can travel throughout the body. Indirect DNA damage has
raised concerns that some of the chemicals in certain sunscreens could contribute
to free radical production and hence cellular damage (Moseley et al 2007, Xu et
al 2001, Armeni et al 2004). An example reaction is illustrated in gure 2.6 .
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In humans, the skin is the largest organ, covering essentially the entire body
with varying thickness. The outmost layer of the skin is the epidermis (Gray
1984). The thickness of the epidermis varies from a minimum at the eyelids of
approximately 0.05mm to a maximum of about 1.5mm on the soles of the feet.
The epidermis is of primary interest in phototherapy and the composition of this
region is outlined in gure 2.7. The composition, thickness and properties of
these layers are determined to a large degree by the rate of mitosis of the the
undierentiated epidermal cells from the basal line. The transformation of these
stem cells into dierent skin cells occurs in various regions of the epidermis (Gray
1984).
Table 2.2: Layers of the Human Epidermis
Epidermal Layer Properties of layer
Stratum germantivum Also known as basal layer.This layer of cells can be can be considered the
stem cells of the epidermis, as they are undierentiated and proliferate
through migrating 'daughter' cells that dierentiate into other skin cells
as they move through the epidermis. New cells are constantly produced
in this layer
Stratum spinosum Region where epidermal cells form intercellular bridges, giving the region
a rough hewn appearance, explaining in part why the terms prickle cell
and prickle cell layer are often used to refer to these cells and this region
respectively. These prickle cells generate the protein Keratin.
Stratrum granulosum A granular layer of the epidermis
Stratum lucidum Penultimate layer of the epidermis composed of layers of dead and at-
tened keratinocyte cells.
Stratum corneum Also known as the horny layer. Uppermost layer composed mainly of
layers of dead skin cells lacking nuclei. This layer is thickest when the
most protection is needed, such as the hands and soles of feet.
Table 2.3: Cells of the Human Epidermis
Cell Type Functions of cell type
Keratinocytes Synthesizes the protein keratin, accounts for 95% of epidermal cells
Melanocytes Produce the compound melanin, responsible for skin pigmentation
Langerhan cells Dendritic (immune system) agents residing mainly in the stratum spinosum
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Figure 2.7: Layers of the epidermis (A) Adapted from Gray's Anatomy 1984 (B)
Reproduced from Diey 1980
2.5.1 Erythema and melanogenesis
The acute and long term eects of exposure to ultraviolet radiation on human
biological tissue are well documented (Diey 1979). The eect of this exposure is
dependant upon both the exposure wavelength and the duration of that exposure.
It is important to consider the eects of UVA and UVB wavelength photons in
this regard; UVC or germicidal band photons are not used in phototherapy, and
even in nature are eectively attenuated to nothing by atmospheric absorption
(Gates 1966) so the biological eects of UVC are not considered in UVR therapy.
Erythema is a common consequence of exposure to UVR. It is the reddening of
the skin induced by hyperemia (increase in blood ow) of the capillaries in lower
skin layers, chiey the subpapillary venules (Rothman 1954). Erythema can occur
with any skin infection, injury or inammation, but is more readily induced by
exposure to ultraviolet light. In the case of relatively long-wave UVA, erythemal
eects appear without any latency whereas erythema due to UVB tends to have
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a delayed appearance (Kaidbey et al 1979). Erythema is often referred to by
its colloquial term of sunburn, and is an unwanted side eect of treatment with
an improper dose. In more extreme cases, there can be extensive blistering and
peeling of epidermal layers (Diey and Hart 1997). UVB radiation is 100-1000
times more likely to induce an erythemal eect than UVA, this is clear from the
CIE relative action spectrum shown in gure 2.8 . It is immediately apparent
from observation that UVA radiation is many orders or magnitude less eective
at inducing erythemal eects than UVB. An example of an erythemal eect is
shown in gure 2.9 A.
UVB exposure also causes the production of vitamin D in skin (Adams et al
1982), specically Vitamin D3. UVB can also modulate the immune system,
depressing dendritic activity and thus inhibiting or otherwise altering immune
system responses (Matsumura and Ananthaswamy 2004). It is this property
of UVR that may explain in part its benecial eect on autoimmune disorders.
Finally, UVR exposure triggers melanogenesis or darkening of the skin, commonly
referred to as tanning. This is discussed in section 2.5.4.
Figure 2.8: CIE Erythemal Action spectrum (1987)
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Figure 2.9: (A) Erythema (B) Malignant Melonoma
2.5.2 Skin aging
Collagen is the substance in skin which gives it elasticity. Collagen brils are
located beneath the dermis, and deeply penetrating UVA tends to cause this
dermal connective tissue obvious damage. Photo-aged skin is characterized by
loss of elasticity, wrinkles, uneven pigmentation, brown spots and a leathery
appearance whereas chronologically aged skin without over exposure to UVR is
smooth and free of blemishes, though some natural loss of tone and elasticity
occurs (Fisher et al 1997). Thus, overexposure to UVR photo-ages the skin by
damaging collagen and connective dermal tissue.
2.5.3 Carcinogenesis
As the skin absorbs most UVR and this can result in DNA damage, there has been
a well documented correlation of certain UVR therapies and skin cancers, partic-
ularly PUVA treatments (Stern & Laird 1994, Weischer et al 2004). In order of
seriousness, UVR treatments have been implicated in basal cell carcinoma, squa-
mous cell carcinoma and malignant melanoma (Diey and Hart 1997). Current
research indicates that UVB treatments are much less likely to be carcinogenic
(Studniberg and Weller 1993) than conventional UVA therapies. This may be
because indirect DNA damage and the oxygen species it can create are more
damaging than direct DNA damage caused by UVB. Indirect DNA damage is
synonymous with UVA exposure (Dedon et al 1998) and the risk of cancer and
carcinogensis must be accounted for in any therapy involving UVR.
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2.5.4 Epidermal response and Photoadaptation
The reaction of human skin to UVR is not solely based on the erythemal wave-
lengths present. The amount of melanin and other chromophores present in the
epidermis will inuence strongly the amount of reaction that will take place. Skin
with more pigment will appear darker, and skin colour can be used to estimate
the reaction to UVR. The Fitzpatrick phototyping scale (Fitzpatrick 1975) was
developed to help classify skin types based on their appearance and reaction to
UVR for predominantly white skin. This scale was later extended to include dark
and even black skin (Fitzpatrick 1988). This scale is still in usage and is outlined
in table 2.4 . The Fitzpatrick scale is often used by phototherapists to estimate
starting dose. The minimal erythemal dose (MED) is the minimum dose required
to observe an erythemal eect.
Table 2.4: Fitzpatrick Phototype scale (adapted Dermatology )
Type UVR response Skin colour UVA MED UVB MED
I Burns easily / Never tans Ivory White 20 - 35 mj=cm2 15 - 30 mj=cm2
II Burns easily / Tans little White 30 - 45 mj=cm2 25 - 40 mj=cm2
III Burns moderately / Often tans White 40 - 55 mj=cm2 30 - 50 mj=cm2
IV Burns minimally / Tans easily Olive 50 - 80 mj=cm2 40 - 60 mj=cm2
V Burns rarely / Tans profusely Brown 70 - 100 mj=cm2 60 - 90 mj=cm2
VI Never burns / Trans profusely Black 100 mj=cm2 90 - 150 mj=cm2
Photoadaptation is a trait of skin to respond to UVR irradiation by changing
in such a way that future equivalent doses of such radiation have a diminished
response (Oh et al 2004). While these processes are poorly understood, it has
implications for UVR phototherapy in so much as a constant dose seems less
than optimum. Before undergoing phototherapy, the Fitzpatrick scale gives an
indication of the tolerance of the skin to UVR, and this is useful in determining a
starting dose. However it has been shown that doses close to the erythemal dose
are most eective (Hofer et al 1998) so in practice the dose has to be increased in
subsequent sessions. A general rule of thumb used is the 70/20 rule; begin at 70%
of MED and increase by 20% each sucessive treatment. This seems to work well
for all skin types, as evidence suggests that regardless of skin type, patients adapt
approximately equally per physical unit of UVR (Palmer et al 2006). In essence,
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human skin adapts to increasing amounts of UVR by increasing production of
melanin and other chromophores. This process is called melanogensis and it
triggers tanning in human skin.
2.6 Human eyes
Over-exposure to UVR can be quite detrimental to the human eye. The negative
eects can include ocular damage such as photokeratisis (snow blindness) with
acute exposure and cataracts from chronic exposure (Sliney 2007). Photokerati-
sis is an inammation of the cornea with symptoms including severe pain and
visual incapacitation. Conjunctivitis can also occur due to UVR exposure; it
is an inammation of the eyelid membranes characterized by various degrees of
photophobia (light aversion), blepharospasm (eyelid muscle spasm), lacrimation
(tear shedding) and erythema of eyelid skin (Diey and Hart 1997). In cases
of chronic exposure to UVR, a cataract can occur. This is the complete loss of
transparency in the eye lens, resulting in reduced vision or blindness. Unlike the
epidermis, the human eye does not photoadapt and consequently has less of a
protection mechanism.
Figure 2.10: (A) Photokeratisis (B) Cataract
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While it is apparent that UVR has many unpleasant biological eects and can act
as a mutagen, this very property of biological eectiveness can be be used as treat-
ment for several types of skin disorder. Ultraviolet therapies for these complaints
can use many dierent spectral power distributions for dierent applications, but
most commonly encountered treatments are narrow-band UVB centred around
311nm or broad-band UVA in conjunction with the skin photosensitizing agent
psolaren, referred to as PUVA treatment.
2.7.1 Psoriasis
Psoriasis is a very common chronic non-infectious disease of the skin, resulting
in raised patches on the skin known as psoriatic plaques. These plaques are the
result of hyper prolic production of keratinocytes in the basal layer, resulting in
regions with an abundance of skin cells and this appearance. Psoriasis is highly
idiosyncratic and can manifest in a variety of ways, some of which are illustrated in
gure 2.11. Diagnosis is usually made by dermatological examination. While the
exact causes of psoriasis are not fully understood, the currently accepted theory
is that psoriasis is an autoimmune disease (Vladimarsson et al 1995, Baker et
al 1984, Barker 1997) where T-cells from the immune system react with cells
in the epidermis to stimulate abnormally high production of keratinocyte cells.
There is also evidence that various types of interleukin (an immune signal protein)
can stimulate overproduction of these cells and the inammation associated with
psoriasis (Grossman et al 1989, Zheng et al 2007). There is also a strong genetic
component, related again to immune issues (O'Nestle et al 2009). This may in
part explain why UVR therapies excel at clearing psoriasis, as UVR can reduce
the number of dendritic immune cells (O'Nestle et al 2009, Ozawa et al 1999)
and reduce the activity of these cells (Schmitt and Ullrich 2000). Psoriasis is
the most common disorder treated with UVR and comprises the bulk of UVR
phototherapy cases.
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Figure 2.11: Common types of psoriasis; Plaque or psoriasis vulgaris is the most
common form, presenting as raised plaques. Flextural psoriasis or inverse psoria-
sis presents on skin folds. Guttate psoriasis are teardrop shaped legions. Pustular
psoriasis presents are raised bumps lled with non-infectious pus.
The mechanism of action aside, UVR phototherapy is highly benecial for pa-
tients suering from this disease, and both PUVA and NB-UVB are widely used
to induce remission (Green et al 1992). In clinical trials, PUVA has been show
to be more eective at causing remission of psoriasis versus NB-UVB, as shown
in table 2.5.
Table 2.5: Clearance of psoriasis with PUVA & NB-UVB
Study Psoriasis type Clearance PUVA Clearance NB-UVB
Gordon et al 1999 Plaque 84% 63%
Yones & Garibaldinos 2006 Plaque 84% 65%
Sezar et al 2007 Palmoplantar 85% 61%
In addition to this, PUVA also seems to have the advantage of delaying the
return of psoriatic plaques (Gordon et al 1999) though with potentially more
risk of carcinogenesis. In at least one study, NB-UVB used three times weekly
were found to be statistically no dierent in eectiveness or remission length than
PUVA used twice weekly for chronic plaque psoriasis (Markham et al 2003). In
general, clinics will only use PUVA if NB-UVB has failed as aside from the higher
cancer risk, the use of psolaren can make the patient hypersensitive to light and
can be phototoxic in some cases.
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2.7.2 Vitiligo
Vitiligo is the depigmentation of the skin caused by the death of melanocytes, the
cells responsible for producing melanin. The reason why this occurs isn't clear,
but autoimmune reactions are suspected and there is evidence for this point of
view. PUVA and NB-UVB have both been used successfully in re-pigmentation; a
study by Bhatnagar (2006) found NB-UVB treatments to be more eective than
PUVA for this condition, being successful in 67.57% of cases versus 54.2% of
cases for PUVA where traditionally treatment resistant sites such as hands and
feet were not considered. It should be noted that patients with this condition
have a much greater tendency to erythemal eects due to the decreased level of
pigment.
2.7.3 Eczema
Eczema is a form of dermatitis (inammation of the skin). For chronic eczema,
UVR treatments can provide some clearance and reduction in severity (Grundmann-
Kollmann et al 1999, Reynolds et al 2001). Both PUVA and NB-UVB are eec-
tive, and equally capable of reducing conditions like chronic hand eczema which
is resistant to other forms of treatment (Sezar and Etikan 2007).
Figure 2.12: (A) Vitiligo in a dark skinned individual (B) Infant Eczema
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2.7.4 Polymorphic light eruption
Polymorphic light eruption (PMLE) is a condition where the skin becomes hy-
persensitive and reacts to UVR in sunlight. These reactions can take the form of
hive-like skin irritations. At rst glance it may seem contradictory that a condi-
tion triggered by UVR exposure may also be treated with the very element that
triggers the reaction but indeed both PUVA and NB-UVB therapies have been
proven to be eective treatment in stubborn cases. Whether this is due to some
photoadaptive mechanism or the immunomodulatory nature of UVR is not clear,
but despite the seemingly contradictory nature of the mechanism of action, the
eectiveness of the treatment is not in doubt. (Honigsmann 2008).
2.7.5 Other disorders treated with UVR
Perforating dermatosis or acquired perforating dermatosis (APD) is a condition
where papules appear on the epidermis due to keratotic activity, usually around
the follicles. While this condition can occur on its own, it has high correlation
with diabetics and those suering chronic renal failure. UVR therapy can oer
some hope in achieving remission, particularly NB-UVB treatments (Ohe et al
2004).
Lichen Planus is a disease of the skin and mucus membranes in the mouth which
results in raised papules. The name itself may be a misnomer has it has no relation
to lichens but rather describes the appearance of the growths on skin. NB-UVB
therapy has shown some clinical eectiveness is reducing this aiction; A study
(Pavlotsky et al 2007) found complete remission in 70% of patients treated with
broad-band UVB and 85% of patients treated with NB-UVB. Another study
contrasting PUVA and NB-UVB (Wackernagal et al 2007) found all 100% of
patients treated with PUVA had a complete or partial response versus 77% of
those treated with NB-UVB. The remission time and treatment duration for both
UVR therapies was approximately the same.
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Another condition which has been successfully treated with UVR is Mycosis fun-
goides. Directly translated, Mycosis fungoides (MF) roughly means "mushroom
like fungal disease". This is misleading, as it is in no way a fungal infection.
More correctly is it a type of Non-Hodgkin lymphoma, known as cutaneous T-
cell lymphoma (CTCL). In this cancer, T-cells in the immune system become
malignant and migrate to the epidermal surface, resulting in the appearance of
lesions. The lymphoma can go into remission with treatment, remain stable and
non-progressive or progress and infect other systems. As MF can be confused
with psoriasis or eczema, a biopsy must be performed to conrm diagnosis. Ta-
ble 2.6 shows the results from a clinical study (Diederen et al 2003) indicating
strongly that the ideal treatment modality for MF appears to be NB-UVB rather
than PUVA.
Table 2.6: Clearance of MF with PUVA & NB-UVB
Treatment Complete Remission Partial Remission Remission Time
NB-UVB 81% 19% 24.5 months
PUVA 71% 29% 22.8 months
Figure 2.13: (A) PMLE manifesting on the arms (B) Lichen Planus
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Recommended exposure limits for general and occupational UVR exposure were
set by IRPA (1985,1989) based on wavelength. For UVA wavelengths (315 -
400nm) the total irradiance incident upon unprotected eye / skin should not ex-
ceed 10kJ=m2 over an 8 hour period and the total radiation exposure (EL) should
not exceed the values in table 2.7. For UVB and UVC the exposure should not
exceed the values in table 2.7 in an 8 hour period either. The irradiance of a
broadband source (Eeff ) is weighted against the spectral peak of 270nm and can
be calculated by the weighing formula
Eeff = E()S() (2.2)
where E() is the spectral irradiance in units of W=m2nm, S() is the unitless
relative spectral eectiveness and  is the bandwidth of the measurement inter-
vals. The limits are calculated for entirely unprotected exposure to UVR sources.
Obviously patients in treatment will far exceed these levels. The permissible ex-
posure time t() in seconds for actinic (UVB and UVC spectrum) emissions can
be calculated from the exposure values at 270nm by
t() =
30J=m2
Eeff
(2.3)
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Table 2.7: IRPA UVR Limits
(nm) EL(J=m2) S() (nm) EL(J=m2) S()
180 2500 0.012 310 2000 0.015
190 1600 0.019 313 5000 0.006
200 1000 0.030 315 1.0 x 104 0.003
205 590 0.051 316 1.3 x 104 0.0024
210 400 0.075 317 1.5 x 104 0.002
215 320 0.095 318 1.9 x 104 0.0016
220 250 0.120 319 2.5 x 104 0.0012
225 200 0.150 320 2.9 x 104 0.0010
230 160 0.190 322 4.5 x 104 0.00067
235 130 0.240 323 5.6 x 104 0.00054
240 100 0.300 325 6.0 x 104 0.0005
245 83 0.360 328 6.8 x 104 0.00044
250 70 0.430 330 7.3 x 104 0.00041
254 60 0.500 333 8.1 x 104 0.00037
255 58 0.520 335 8.8 x 104 0.00034
260 46 0.650 340 1.1 x 105 0.00028
265 37 0.810 345 1.3 x 105 0.00024
270 30 1.000 350 1.5 x 105 0.00020
275 31 0.960 355 1.9 x 105 0.00016
280 34 0.880 360 2.3 x 105 0.00013
285 39 0.770 365 2.7 x 105 0.00011
290 47 0.640 370 3.2 x 105 0.000093
295 56 0.540 375 3.9 x 105 0.000077
297 65 0.460 380 4.7 x 105 0.000064
300 100 0.300 385 5.7 x 105 0.000053
303 250 0.190 390 6.8 x 105 0.000044
305 500 0.060 395 8.3 x 105 0.000036
308 1200 0.026 400 1.0 x 106 0.000030
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2.9 Conclusions
UVR phototherapy provides much benet to patients suering from a variety of
skin complaints but care must be taken to ensure an adequate and biologically
eective dose is administered. The ideal dose for treatments is close to the ery-
themal dose, and going above this results in patient burning. Going too far below
this leads to a biologically ineectual dose incident upon the patient. This leads
to the conclusion that any methods to improve dosimetry in UVR phototherapy
would be of great benet to the treatment of these patients.
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Chapter 3
Clinical ultraviolet phototherapy
Having established the biological and theraputic eectiveness of ultraviolet radia-
tion treatments, it is important to examine how these solutions are implemented
in clinical practice.
3.1 Phototherapy Cabins
A phototherapy cabin is a free standing structure designed to surround the patient
and provide approximately equal irradiance to all body sites during treatment. As
skin disorders such as psoriasis can aect a large area of epidermis, the use of UV
cabins is widespread. There are an abundance of dierent designs available from
numerous manufacturers. In general, cabins consist of multiple uorescent lamps
with their associated ballasts mounted in front of mirrors, where a patient stands
at the cabin centre. Cabins tend to be electrically cooled to keep the lamps at
optimum operating temperature and there is usually a grill or UVR transparent
plastic safety sheet between the patient and the lamps to reduce the potential of
an accident. Various models of Waldmann cabin are most frequently encountered
in phototherapy centres across Europe, and other manufacturers include Dixwell,
National Biological and Daavlin. There is much variation in size, number of tubes
and reector placement but the essential premise of the UVR cabin is to direct
this bandwidth of radiation upon the patient epidermis. Some cabin designs are
shown in gure 3.1
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Figure 3.1: (A) Waldmann UV-5040 (B) National Biological Houva III (C) Wald-
mann UV-1000
Dierent cabins have dierent geometries and varying number of tubes (Amatiello
and Martin 2006); Some common arrangements of tube placement inside various
cabins are shown in gure 3.2 for the some common units.
Figure 3.2: Tube placement of various dierent cabins. Reprinted from Currie et
al 2000
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3.1.1 Ultraviolet lamps
Depending on the particular condition being treated and the severity of that
condition, a wide variety of UV lamp with varying spectral power can be employed
in the cabin. The most common of which are UV lamps from Phillips or versions
of these lamps by other manufactures. The principle of operation of these lamps
have been discussed in chapter 1. These lamps tend to be between 1.7m and
2m long for use in full body cabinets where they are usually mounted in front
of reectors to maximize the irradiance on the patient. The dimensions of the
lamps commonly encountered are depicted in gure 3.3.
Figure 3.3: Various UV tube dimensions from Phillips 2007
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Figure 3.4: (A) Waldmann mirror arrangement (B) Dixwell mirror arrangement.
Reproduced from Currie et al 2000
3.1.2 Reectors
Reectors are usually mounted behind or around the UVR lamps to direct more
light onto the patient epidermis. Like photocabins themselves, there is much
variation in how these mirrors are designed and where they are placed. Figure 3.4
depicts two frequent situations; in (a) the mirror surrounds the tube and consists
of three pieces of highly reective coated aluminium. In (b) the coated aluminium
is placed just behind the tube and does not surround it. Waldmann cabins tend
to use the former arrangement while Dixwell and National biological the latter.
The metal sheets used as mirrors are aluminium; aluminium has a reectivity in
the wavelength band of interest (300-400nm) of about 92% (Bartl and Baranak
2004) as shown in gure 3.5. The aluminium can be further coated with a lm to
change this or protect the aluminium, and common anodized aluminium coating
(Coilzak) is often used for this purpose (Phillips 1983).
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3.1.2.1 Optical properties of aluminium reectors
As the metal used in reectors tends to be aluminium, it is important to examine
the properties of this metal and dene the quantities used. The dening feature
of conductive media (non dielectric) is the presence of free electrical charges in
those media. In the case of metals, these charges are electrons, and the motion
of electrons constitutes a current. In dielectric media the conductivity, , is zero.
But for conductors such as metals the situation is quite dierent. In general, the
conductivity of a metal, m, is given by
m > 0 (3.1)
This means that the simple solutions to the Fresnel equations need to be modied
to deal with such cases. In fact, it can be shown that the re-formalisation for
such cases requires a complex refractive index (Hecht 2002) such that
~n = nR   inI (3.2)
where the real and imaginary indices nR and nI are both real numbers. As the
wave propagates through the metal, it can be shown that its amplitude is expo-
nentially attenuated. The irradiance a distance y into the conductive medium
can be expressed as
I(y) = IO exp[ y] (3.3)
where IO is the irradiance at the boundary of the metal and  is the attenuation
coecient given by
 =
2!nI
c
(3.4)
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where is ! the angular temporal frequency or 2. After the wave have traveled
a distance of 1= through the medium, the ux density will drop by a factor
of exp[ 1]. This distance is known as the skin depth or penetration depth; If
a material is transparent, it must have a large penetration depth in relation to
its thickness. In metals however, the penetration depth tends to be very small,
explaining the observed opacity of most metals. Metals are highly reective
primarily because incident waves cannot eectively penetrate the medium and
the majority of incoming ux is reected (Hecht 2002). Reectance (Rf ) is the
ratio of reected ux to incident ux. Rf can be calculated for conductive media
from the equation
Rf =
(nR   1)2 + n2I
(nR + 1)2 + n2I
(3.5)
The reectance for aluminium is greater than 0.9 for UVR (Langmack 1997).
Reectance is also related to wavelength as the refractive index is dependent
upon it. The spectral reectivity versus wavelength for aluminium is shown in
gure 3.5.
Figure 3.5: Spectral normal reectivity of Aluminium at 295 K. Adapted from
Bartl and Baranek 2004. [1] Denotes literature values, [2] denotes range of mea-
sured values.
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Reectivity is a property of the material dependent on the polarization of the
incoming wave and the incident angle. For incoming light with the electric vector
perpendicular to the plane of incidence then the reectivity Rs (Heavens 1955) is
given by
Rs =
(n2R + n
2
I)  2nR cos+ cos2 
(n2R + n
2
I) + 2nR cos+ cos
2 
(3.6)
If the light is polarized so that the electric vector is parallel to the plane of inci-
dence than the reectivity Rp (Phillips 1983) is given by
Rp =
(n2R + n
2
I) cos
2   2nR cos+ 1
(n2R + n
2
I) cos
2 + 2nR cos+ 1
(3.7)
For natural unpolarized light (Abeles 1967) R is dependent on incident angle by
R() = [Rs() +Rp()]=2 (3.8)
Table 3.1 from Hass and Waylonis (1961) shows some optical constants for evap-
orated aluminium at various wavelength. The variation of Rs, Rp and R() with
varying angle of incidence at  = 340nm is shown in gure 3.6. In the case or
normal incidence the equations for reectivity reduce to the case for reectance in
equation 3.5. It is important to distinguish between reectance and reectivity;
reectance is a property of an actual surface where as reectivity is a material
property in a section thick enough to be opaque (Grum and Becherer 1979). This
means that the term reectance is specic to a given surface and includes the
eects of multiple reections whereas the term reectivity refer to the elementary
process independent of slab thickness (Garbuny 1965). Oftentimes these terms
can be interchanged but it is worthwhile to note the dierence for cases where
this breaks down.
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Table 3.1: Optical constants for evaporated Aluminium
 (nm) nR nI R=0 (%)
220 0.14 2.35 91.8
240 0.16 2.60 92.1
260 0.19 2.85 92.0
280 0.22 3.13 92.2
300 0.25 3.35 92.1
320 0.28 3.56 92.2
340 0.31 3.80 92.3
360 0.34 4.01 92.4
380 0.37 4.25 92.6
400 0.40 4.45 92.8
Figure 3.6: Reectivity with angle for aluminium and a wavelength of 340nm.
Rs, Rp and R are shown. Adapted from Phillips 1983
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While the reectivity of aluminium is very high, the situation in practice is com-
plicated somewhat because pure aluminium is not feasible for use as it oxidizes;
instead, most manufacturers opt for anodized aluminium. Anodization is the
process of increasing the naturally forming oxide layer on a metal to increase
its damage and corrosion resistance. Anodic layers are non-conductive (Davis
1993) and increase surface hardness. In addition to anodization, aluminium al-
loys are often used in combination with anodization (Phillips 1983). While this
provides protection for the metal itself and prevents it from degrading, it has
implications for the reections from the surface.The situation depends then on
the coating used; Spectral reectance measurements for two anodized sheet ma-
terials are shown in gure 3.7. These materials are sold under the names Alzak
and Coilzak respectively. The former is a premium quality product made from
high purity aluminium and anodized in sheet form. The latter is less expensive
material made from a bright trim alloy. The process of anodization drastically
impacts on the UVR reectance; while pure aluminium has reectance greater
than 0.9 at 311nm, Alzak is only about 0.6 at this wavelength and Coilzak only
around 0.3 (Phillips 1983, Langmack 1997). In general, the higer the purity of the
aluminium used, the greater the specular reectivity (Wernick and Pinner 1972,
Chalkley 1973) and anodizing metal causes a large drop in reectance (Jackson
and Thomas 1979).
Figure 3.7: Reectance for Alzak and Coilzak. Taken from Phillips 1982
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Figure 3.8: Interference between Anodic lm and aluminium. Modied from
Phillips 1983
Another issue that arises with anodizing is the interference eects between the
anodized layer and the metal layer itself. This manifests itself in the striking mod-
ulations seen in the curves for anodized surfaces such as those shown in gure
3.7. This modulation is the direct result of interference between waves reected
from the dielectric coating and the surface itself, as illustrated in gure 3.8. An
approaching wavefront hits the lm with incident angle 0. Some of this light
enters the lm with refracted angle 1. The total reected ray CE is composed
of reected components from both the lm and metal layer. If the optical path
length between DC and ABC is an integer number of wavelengths constructive
interference occurs. There will also be an absolute phase change between the two
boundaries. These are namely 1 for the air - anodic lm interface and 2 for
the lm - Aluminium interface. Thus, constructive interference for wavelength
1 occurs when the following condition is satised.
2n1t cos1 + 1   2 = m1 (3.9)
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where m is an integer. If the wavelength changes to 2 such as the path dier-
ence becomes m + 1 times the wavelength, constructive interference will again
take place such that
2n1t cos1 + 1   2 = (m+ 1)2 (3.10)
Hence m can be eliminated and an expression linking the wavelengths of adjacent
peaks obtained. This is given by
t =
1
2n1 cos1
[
12
1   2   (1   2)] (3.11)
Hass (1949) has shown that the term 1   2 is practically independent of wave-
length and small (' 50nm) compared to the other terms so this term can be
neglected, reducing the expression to
t =
1
2n1 cos1
[
12
1   2] (3.12)
This condition explains why anodic lms cause modulations which can be ob-
served in the peaks of the reectance patterns (Phillips 1983). Langmack (1997)
estimates that an Rf of 0.3 is a realistic value for UVB around 311nm though all
the other conditions discussed in this section can alter this signicantly. Wald-
mann (Baermann and Muenk 2010) use reectors made by Alanod, specically
Alanod 318G2 which is an alloy of 99:85% aluminium with a reectance of up to
0:85 at 311nm and approximately 8% diuse reection
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3.2.1 Initial dose
The concept of skin typing has been mentioned in chapter 2, but it is worth ex-
plaining the clinical process in some more depth as it is usually performed prior
to treatment. For treatments without a photosensitizing agent, the minimum
erythemal dose (MED) is ascertained for a patient. For a treatment such as
PUVA with a phototoxic agent, the minimum phototoxic dose (MPD) must be
found. The method for yielding these quantities are essentially the same. The
most common method involved using a thin plastic template with eight small
windows; the template is positioned over an area of skin relatively unaccustomed
to UV light, such as buttocks or back. The remainder of the body is protected.
A sequence of exposures are performed on each slit, with each successive one in
the ratio of
p
2 to the previous exposure (Taylor et al 2002).
For UVB, erythema peaks between 8 - 24 hours after initial exposure, and the
template sites can be examined to nd the lowest dose of UVB resulting in an
erythema. This is the MED for the patient. The peak of UVA exposure tends be
between 48-72 hours after exposure and the MPD can be determined then by a
similar visual inspection. Treatment usually begins as a ratio of the MED/MPD,
typically 50-70%. The patient is then started on this dose and it is incremented
over several weeks until a marked improvement of the condition is observed by
the physician or clinician (Van Weelden et al 1988, Taylor et al 2002).
There are other similar methods for ascertaining the starting dose; another method
(Diey 1993, Gorden et al 1998) involves a photo-testing template with a number
of foil apertures. These apertures are all diering sizes and thereby attenuate the
incident UVR by varying amounts, thus causing skin exposure of varying irradi-
ance at dierent hole sites. The MED/MPD is then inspected visually again. It
should be noted the starting dose method relies on visual inspection and can be
somewhat subjective.
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3.2.2 ScUViDo protocol
As discussed in chapter 1, UVR outputs from phototherapy tubes fall over time.
The skin testing method can only then give information about the skin's response
to that particular test source and so the problem remains of comparing two
sources with an objective method. The Scottish photochemotherapy audit board
(1995) identied this as a serious problem and recommended steps so that UVR
therapy sources could be correctly compared and contrasted over the lifetime of a
unit and even between units and phototherapy centres. The guidelines laid down
improved PUVA treatment doses and were updated in 2001 (Moseley 2001) for
NB-UVB sources. The premise of the Scottish ultraviolet dosimetry (ScUViDo)
is to provide a standard for UV irradiance in treatment centres. A owchart
depicting the process is shown in gure 3.9.
Figure 3.9: ScUViDo protocol. Reproduced from Moseley (2001)
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3.2.2.1 Calibration
In ScUViDo, the meter used must be calibrated against the source which it is
designed to work with; in the case of a UVA meter, a bank of UVA tubes and
for a UVB meter a bank of TL/01 tubes. The cosine response error of the meter
should be low with an f2 error of less than 10%. The calibration of any meter
used should be traceable to the National Physical Laboratory. The display should
be adjusted if needs be or a correction factor applied and the accuracy should be
10%. Meter calibration should be performed annually.
3.2.2.2 Designated Patient Irradiance
The designated patient irradiance (DPI) is the average irradiance on a patient
of average height and build standing in a phototherapy cabin at chest, waist
and knee height. The investigating physicist in appropriate UVR protection gear
stands in the cabin and adopting the position of a patient in treatment makes a
series of measurements at various positions as shown in gure 3.10.
Figure 3.10: DPI measurement sites (A) Anterior (B) Posterior. Reproduced
from Moseley (2001)
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The lamps are usually warmed up 5 minutes prior to measurements being made,
and the investigating physicist uses a hand held UV meter appropriate for the
wavelength band of the lamps. Measurements are taken on the twelve sites and
recorded. This gives the mean DPI at each body site without requiring a recourse
to a known body correction factor. It is important to ensure that clothing does
not obstruct any emitting sources. The colour of the clinicians clothing can lead
to variations of approximately 5% (Moseley 2001). There is also an indirect
method for obtaining the DPI by placing a retort stand with a clamped meter in
place and multiplying by a correction factor. This correction factor should ideally
be ascertained for each individual cabin to improve accuracy. A list of correction
factors for indirect DPI are shown in table 3.2.
Table 3.2: Correction factors for indirect DPI (Moseley 2001)
Unit type Meter type Distance (cm) Ratio
Waldmann UV-1000 (PUVA) Waldmann 25 0.68
Waldmann UV-6001 (PUVA) Waldmann 585-100 30 0.80
Waldmann UV-6002 (PUVA) Waldmann 585-100 30 0.80
Waldmann UV-7001 (PUVA) Waldmann 585-100 30 0.80
Waldmann UV-8001 (PUVA) Waldmann 585-100 30 0.80
Waldmann UV-6001 (PUVA) Dixwell UV-365 30 0.75
Waldmann UV-6002 (PUVA) Dixwell UV-365 30 0.75
Waldmann UV-7001 (PUVA) Dixwell UV-365 30 0.75
Waldmann UV-8001 (PUVA) Dixwell UV-365 30 0.75
Dixwell Waldmann 585-100 25 0.8
Waldmann UV-5000 (UVB) International light UVB1 30 0.77
Waldmann UV-1000 (UVB) International light UVB1 20 0.75
Dixwell (UVB) International light UVB1 20 0.90
The ScUViDo protocol has the advantage of allowing comparison of treatments
between dierent centres and units. It also indicates when lamps need to be
replaced, typically when DPI has changed by 10%. Despite the advantages and
practicality of this approach, patient and clinician self shielding can still be a
factor heavily inuencing the DPI as dierent builds will shield dierent regions.
Though the dosages indicated by ScUVido are not absolute, it does allow detec-
tion of variations.
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Figure 3.11: Automated detector system. Arrows denote rotation direction
3.2.3 Automated detector system
The ScUVido protocol is useful for localized calibration and facilitates compar-
ison of irradiance between dierent phototherapy centres, as well as indicating
when irradiance has dropped due to lamp failure or aging. It is also cheap to im-
plement and consequently used not only in Scotland but across many European
phototherapy centres. Another method to examine and calibrate UVR cabins
involves the use of an automated detection system as outlined by Currie et al
(2001). The basic set up is illustrated in gure 3.11.
The system comprises of two detectors facing opposite directions from each other;
one is a wide angle UVR detector with a raised polytetrauorethylene (PTFE)
diuser and the other is a photodiode housed at the end of a 200mm collimat-
ing tubes with slots at either end measuring 10mm by 1mm. The entire mount
rotates on a stepper motor which records the irradiance at 800 points in a full
rotation for both the normal and collimated detector. The data is send to a lap-
top computer which can display this information as a linear or polar plot.
There are major advantages to such a system; rstly, it doesn't require an operator
so self-shielding by the investigator is not a problem. Secondly, the collimated
detector allows the user to see specically which individual tubes are failing or
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reducing in output. Thirdly, it oers greater repeatability than the ScUViDo
method and less uncertainly as readings are automated and human error is a less
of a factor. The downside is that the system is quite costly and so far it has not
been widely adopted despite its advantages (Martin 2010). It also doesn't factor
self-shielding into the analysis, meaning results would need to be considered with
this in mind.
3.2.4 Photodetector and Radiometer design
The accurate measurement of UVR is paramount to obtaining a suitable treat-
ment dose. The majority of UVR radiometers consist of a photodiode mounted
behind a lter which acts to limit the incoming radiation to the wavelengths the
radiometer is designed to measure; for for example, a UVB radiometer will have
input optics designed to lter the UVB portion of the spectrum. As the head
photodiode is placed behind lters and often embedded deep in the probe head,
a diuser is a vital part of the radiometer set-up. Several dierent types exist,
designed to improve angular response so UVR can be correctly quantied.
Figure 3.12: Diuser designs; (a) Raised PTFE dome (no rim) (b) Raised PTFE
dome (with Rim) (c) Recessed diuser (d) Ground quartz diuser (e) No diuser.
Adapted from Pye and Martin 2000.
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3.2.4.1 Angular response
UVR meters can have wildly varying responses to UV light at varying angles. A
perfect detector would have a cosine response (Coleman et al 2000) and should
vary with the cosine of the incident angle. In practice, the photodiodes used in
radiometers may be nested inside the receiving head and a cosine response may
not be obtained. One way of correcting this is to use a diuser head which facil-
itates the cosine response. There is considerable variation in the manufacture of
such devices (Pye and Martin 2000, Martin et al 1999). The gure of merit, f2,
is the deviation of actual directional response D() from perfect cosine response,
dened by the CIE 69 (1987). It is then given by
f2% = 100
Z m
0
2jD() sin  c() sinjd (3.13)
Where c = cos for 0 <  < 90 and c = 0 for  > 90. There is also
an internation standard BS 667 (1996) which denes the direction error T . The
version modied by Pye and Martin (2000) to accept angles of up to 90 is
T% = 100
Z 90
0
jD()  c()jd (3.14)
Pye and Martin (2000) examined a number of dierent detector set-ups and
found that detectors with polytetrauorethylene (PTFE) diusers with rims to
cut o irradiance from  > 90 performed exceptionally well with f2 < 5%. These
diusers have raised domes to direct the incoming UVR to the photodiode encased
in the lter head and maintain a good cosine response at all angles. Quartz
diers had poor angular response but were mechanically robust; the authors
recommended that detectors with f2 < 10% should be used in all phototherapy
centres and ideally f2 < 5%.
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3.2.4.2 Internal dosimeters
Several modern cabins include a built in dosimeter to facilitate irradiance calcu-
lations. There are several problems with this approach (Diey and Hart 1997);
the dosimeters have to be placed on a wall and oftentimes they are located in
the corners and lower areas, meaning their irradiance will be signicantly lower
than a patient might get and thus not representative. Secondly, patients will
tend to shield detectors located on the cabin during the course of therapy and
the UVR detector will not be measuring the typical cabin and patient intensity.
The detectors are prone to accumulation of dust and skin, which would result in
a false low reading. Finally, constant exposure to UVR over the long periods of
treatment would tend to reduce the sensitivity. For these reasons, the readings
provided by built-in sensors should be treated skeptically and not form any basis
of treatment dosimetry.
3.3 Conclusions
There are several problems with current dosimetry methods as they stand. Firstly,
MED and MPD are subjective measurements made by a clinician; the irradiance
from the UVR source on the skin itself is not being calculated and could vary
with source output over time. In fact, this is almost certainly happening as the
skin itself photoadapts with each successive treatment and changes over time. For
this reason, MED/MPD may provide a rough estimate but essentially it amounts
to using the patient's skin as a rather inaccurate dosimeter. This means the un-
certainty is high and so too is the probability of either under or overdosing the
patient if this method on its own is solely used.
The ScUViDo method is a great improvement as it allows comparison between
units and test centres. It also gives a rough estimation of self-shielding by virtue
of measuring irradiance with an operator in situ but cannot account fully for
the shielding provided by the patient which can vary massively despite its clin-
ical practicality. The automated detector system is a unique and interesting
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approach to determining cabin irradiance and is very useful in ascertaining in-
stances of lamp failure but it is expensive to implement and cannot as it stands
allow for patients self-shielding.
For these reasons, an accurate dose model would be benecial as it would al-
low objective dose recording and comparison between units and centres without
the inherently large uncertainty found in other methods. The characterization
of articial UVR sources has been an area marked for research by the NRPB
(2002) for precisely these reasons. Such a model would not only facilitate accu-
rate dose estimation for treatment, but could also give insight into processes such
as photoadaptation discussed in chapter 2.
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Chapter 4
Existing dose models in UVR
phototherapy
The advantages of a dose model have been outlined in the preceeding chapter and
studies into the quantication of articial sources of UVR is a recommended area
for research by the NRPB (2002). Some work in the area of UV dose modeling
for ultraviolet sources has already been done, and it is worthwhile to examine
these approaches.
4.1 Limitations of simple inverse square model
The simplest type of light measurement model rests on a source approximating a
point source radiating isotropically. This is a valid approximation in some optical
areas. In such a case, the electromagnetic radiation recorded is inversely propor-
tional to the square of the distance from the source, as expressed in equation 4.1
E / 1=r2 (4.1)
where E is the measured irradiance at distance r from source. While this approx-
imation provides good results when r is large, this is not the case in phototherapy.
A general rule of thumb for making irradiance measurements is the 've times rule'
(Ryder 1997), which states any inverse square law approximations to a source are
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only valid where the source to detector distance is at least ve times the greatest
dimension of the source. A typical tube has length ' 1:74m, meaning that if
one was to consider the entire lamp as a point source, the measurements would
have to be at least 8:7m away. Typical phototherapy cabins have a oor area less
than 1m x 1m, so it is immediately apparent that such an approximation will not
suce for phototherapy. Hence a point source approximation will not suce for
phototherapy.
4.2 Radial emitter models
Prior to 1970, radial emitter models were used exclusively in approximating pho-
tochemical reactors (Phillips 1983). The Radial model makes the evidently erro-
neous assumption that all photons emitted from a source are perpendicular to the
surface of the source, as illustrated if gure 4.1. Despite the obvious inaccuracy,
this method can give remarkably good results under certain conditions as the
non-perpendicular conditions can essentially cancel each other out (Akehara and
Shirai 1972).
Figure 4.1: Radial emitter. Note the output from centre of source rather than
tube edges
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The form for the radial emitter is inherently simple; a distance r from the emit-
ter, the irradiance would be proportional to that measured on the surface of a
cylinder of that radius. This can be expressed as
E = SL=2r (4.2)
Where SL is the power per unit length in units of W=m. The radial model can
give accuracy of within 10% where the distance from lamp to detector is small
but fails at predicting the irradiance from small surface elements (Akehata and
Shirai, 1972). It also does not take into the account the angle at which photons
strike the detector, rendering it of limited use in UVR dosimetry (Phillips 1983).
4.3 Specular and diuse emitter models
Specular and diuse models of irradiance have been examined in context of photo-
chemical reactors (Akehara and Shirai 1972). The basic emitting prole of these
two models are shown in gure 4.2.
Figure 4.2: (A) Specular emitter (B) Diuse Emitter
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The specular model makes the assumption that each small element of the lamp
acts as a point source and emits uniformly into a solid angle of 4. In this case,
the total radiation ux from the segment of length dx is equal to the sum of the
radiation crossing the sphere of unit-length radius whose origin is at the centre
of dx (Akehara and Shirai 1972) so that
SLdx = 2
Z =2
0
(Idx)2 cosd = 4Idx (4.3)
Which can be re-arranged in terms of the power per unit length SL to give the
radiant intensity I
I = SL=4 (4.4)
The diuse model approximates each element to a Lambertian radiator, which
means cosine dependence on the intensity from an element. This can be expressed
as
SLdx = 2
Z =2
0
(Idx cos)2cosd = 2Idx (4.5)
Which rearranges to
I = SL=
2 (4.6)
Both models represent an improvement over the radial model, and the diuse
model is superior to the specular model for a uorescent tube source (Funayama
1977).
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4.4 Line source models
The specular and diuse models give rise to the concept of line sources; these are
linear arrays of point sources integrated along the length of the source, in this
case the UVR lamp. In the context of phototherapy, some work has been done
on treating the UVR lamps as line sources. These approaches are discussed here.
4.4.1 Martin and Pye model
This model considers the irradiance on a vertical surface O (a surface of skin or
a radiometer) from a line source tube broken into elements of length l. The
geometry of this situation is depicted in gure 4.3. From this one can compute
the irradiance from this nite length IR and summate.
Figure 4.3: Geometry of Martin-Pye Model. Reproduced from Martin and Pye
2000
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At a height of l above or below the reference point at O with a mean angle of
incidence , the irradiance can be expressed as
IR =
SL cosl
a2 + b2 + l2
=
SLal
(a2 + b2 + l2)
3=2
(4.7)
So the irradiance for each lamp over a discrete range of angles  can be expressed
as
IR =
X SLal
(a2 + b2 + l2)
3=2
(4.8)
The values of  used in Martin and Pye's model were discrete; they were 0 -
2:5, sixteen 5 ranges from 2:5 to 82:5 and three ranges to cover angles from
82:5 to 90. This gives 40 elements contributing to irradiance. This meant
for example, a 1.74m lamp 200mm from the detector would be divided into 32
elements with angles between 0 and 77. This means in practice that the number
of elements being summed will change at varying displacements; for example if the
displacement was instead 555mm, there would be 24 elements summed for angles
between 0 and 57:5. This model was developed to test the angular response
of radiometers and diusers rather than construct a comprehensive dose model
but it does have some merit for this purpose. As the model was not specically
developed for dose modeling, it does not contain any correction terms for patient
obstruction and reection contribution.
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Figure 4.4: Geometry of Langmack Model. Adapted from Langmack (1997)
4.4.2 Reection and obstruction modeling
While Martin and Pye's model is useful in ascertaining the irradiance due to a
tube or multiple tubes, it does not give any information about shielding or reec-
tion. Langmack (1997) put forward a model that considers direct contributions
from line source tubes and indirect contributions from reections of tubes upon
a mirrored surface. A person in the cabin acts as a barrier of width b. Their
presence can block some of the reections and lower the recorded irradiance. The
geometry of this model is shown in gure 4.4.
Let O be the origin of a co-ordinate system (X-Z). M is a mirrored wall and D
is a detector a distance d away from this wall so that the image of that detector,
D0, is also a distance of d away from the M . A barrier of width b is placed a
distance a from M . There are two light sources; one on M denoted Sd and one
beyond the barrier denoted Sr. Sd makes an angle of (Sd) with the D (\TDO)
and the reection of Sr makes an angle (Sr) (\ODP ) with D.
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There are then two possible ways for D to see a light source. If  < 90 then the
tube is directly visible. If the tube is not on M , it can be viewed by reection in
M . Certain tubes will satisfy both these conditions, giving them two components
to detector reading. A person of width b acts as a barrier; this means reected
light with angles less than  will be blocked from the detector. The correction
factor is then the ratio of reading with barrier to reading without it.
Let the detector reading when viewing an indirect or direct source i be I(Si). In
Langmack's model, the irradiance falls o to 1=l where l is the path length from
the tube centre to the detector. Thus it can be written that
I(Si) / cos((Si))
li
(4.9)
If x(Si) and z(Si) are respectively the x-z co-ordinates of Si, then for a directly
viewed source
cos((Sd)) =
d
l(Sd)
(4.10)
and re-expressing
l2(Sd) = z
2(Sd) + d
2 (4.11)
Then equation 4.9 can be expressed
I(Sd) / d
z2(Sd) + d2
(4.12)
For a number of directly viewed sources, this can be expressed as
Id /
X d
z2(Si) + d2
(4.13)
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Sources seen by reection through M at D0 have cosine given by
cos((Sr)) =
d+ x(Sr)
l(Sr)
(4.14)
and subsequently
l2(Sr) = z
2(Sr) + [x(Sr) + d]
2 (4.15)
Which yields a reected irradiance of
I(Sr) / x(Sr) + d
z2(Sr) + [x(Sr) + d]2
(4.16)
Hence for a number of reected sources the irradiance is
Ir /
X x(Sr) + d
[x(Sr) + d]2 + z2(Sr)
(4.17)
Thus in the Langmack model, total irradiance for a nite number of direct and
reected sources without a barrier present (denoted by b) is given by
It(b) = Id + Ir(b) (4.18)
4.4.2.1 Barrier eects
The Langmack model has the advantage of estimating the correction factor due
to a barrier. The total irradiance with barrier present is given by
It(b) = Id + Ir(b) (4.19)
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Knowing this, and using Langmack's method for calculating the angles which
block reection (Langmack 1997), the obstruction correction factor Cf can be
expressed as
Cf =
It(b)
It(b)
=
1 + Ir(b)=Id
1 + Ir(b)=Id
(4.20)
4.4.2.2 Reection correction
Langmack's model assumes that reection is perfectly specular. However, noting
this is not the case, a low reectivity correction can be added to equation 4.20 to
factor in the eects of a co-ecient of reection R. This yields the equation for
reection
Cf =
1 +RIr(b)=Id
1 +RIr(b)=Id
(4.21)
4.5 Comment on current Models
The models discussed herein have varying degrees for merit for dierent applica-
tions. Observations on the Radial, Martin-Pye and Langmack models for irradi-
ance are shown in table 4.1.
Table 4.1: Model Comparisons
Model Intensity fall-o Incident angle Reections
Radial / 1=r No No
Martin-Pye / cos v=r2 Yes No
Langmack / cos h=r No Yes
As it stands none of these models or even a combination of them are yet suitable
in their current state for accurate UVR dosimetry; at a basic level all the models
have disagreements. Note also that the cosine factors in the Martin-Pye and
Langmack model refer to dierent angles; the Martin-Pye angle is v and is the
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angle made from a vertical element on the tube. In the Langmack model, the
angle h is the angle in the xz plane taking no account of the vertical position
of the tube. In reality, the real angle will be a combination of both and will
have implications for the recorded irradiance. While these current models can be
eective for specic scenarios and applications, they can not handle the general
case. For example, the Martin-Pye model relies on discrete sums that can produce
large inaccuracies and the Langmack model does not take account of true angles
of incidence outside the two dimensional XZ plane. Furthermore, the two models
seem to disagree on the radiation fall o from a line source, indicating more
investigation into the matter should be undertaken. As it stands the models
discussed here-in are clever and useful ad-hoc methods for specic situations but
there is not yet a general model for phototherapy.
4.6 Conclusions
There is currently no complete and eective model for dosage in ultraviolet pho-
totherapy. Current models are not adequate to characterize the irradiance at any
point on a patient's skin and thus the development of a new dose model capa-
ble of doing this would be of great benet in clinical applied phototherapy. A
comprehensive dose model would then have the following attributes:
1. Full characterization of the lamp sources: This is the most important and
fundamental element in ascertaining the dose received from a phototherapy
unit as an understanding of the output from the articial source will be
related to reections and shielding.
2. Inclusion of reection contribution: The model should be able to quantify
the amount of radiation reected and incident upon the patient
3. Factor for patient self shielding: Irradiance from multiple / reected sources
should be quantiable and factored into patient irradiance.
Headway into any of these areas would constitute a major advance in the dosime-
try of ultraviolet phototherapy.
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Chapter 5
Initial model approach
The relative merits of the radial, specular, diuse and specic models have been
discussed in the chapter 4. The radial model is under-pinned by the assumption
that radiation is emitted perpendicular to the tube. As has been discussed this is
not a realistic assumption but can give accuracy within 10% in limited situations.
As the radial model is the most basic to implement, it was decided there may
be some merit to experiment with the model and the kind of irradiance prole
expected from such a source in order to gain insight into self-shielding on patient
irradiance from rst principles.
5.1 Simple Radial model
The form of the simple radial model has been mentioned in the preceding chapter;
If all photons are emitted perpendicular to the tube, then the detector acts like
it is on the surface of a cylinder emanating from the centre of the tube. Thus the
irradiance at a point r any radial distance from the tube is of a reciprocal nature
given by
E = SL=2r (5.1)
where SL is the power per unit length. For n such tubes at various points, this
equation for irradiance at any point can be adapted from equation 5.1 by the
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principle of superposition to become a summation.
Etotal =
SL
2
X 1
r1
+
1
r2
::::+
1
rn
(5.2)
where ri is the radial displacement from each respective tube to a point. Note that
the radial model makes no allowance for direction of orientation of the detector
relative to the source. For all intents and purposes, the incident angle  = 0 in
all cases.
5.2 Simulating Radial model
A simulated radial model prole for a single tube at the centre of a 1m2 cabin is
shown in gure 5.1. SL was assumed to be unity in this implementation.
Figure 5.1: Log of Irradiance from a single radial emitter at centre of a 1m2 cabin.
Simulation is capped at 6 for clarity
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5.3 Obstruction in a radial model
The radial model is so basic an approximation that it is relatively straightforward
to use it to examine obstructions. Two cases have been considered; one where the
obstructing cross section is a circle and the case where the obstruction is elliptical.
These were chosen as they are useful starting points for modeling cross sections of
the human frame. The implementation of these test models is discussed herein.
5.3.1 Circular obstructions
Consider a circular obstruction, M, of radius R centred on (g,f) and a single
tube, T, at point (Tx; Tz). Let D be the distance from T to the centre of M. Any
point outside a circle has two tangent lines to that circle from that point. Tube
T illuminates all points below the lower tangent line A and above the higher
tangent line B, in addition to illuminating all points between the two tangent
points outside the radius of the patient circle provided their displacement from
the tube is less than D. For any point outside a circle, the bisector theorem states
that the line from a point to the centre of the circle is an equal bisector of the
angle subtended from that point to the two tangent lines.
Figure 5.2: Determining the critical extent of a circular obstruction
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We dene the bisector angle as , as shown in gure 5.2 and this angle is thus
given by
 = arcsin(R=D) (5.3)
We dene the angle between the centre of M and T as  which is given by inverse
tangent function as shown in equation 5.4. As trigonometric functions are multi-
valued, it is advisable to use a more selective adaptation of the function, such
as the atan2 function found in many software packages which provides a single
value in the correct quadrant and eliminates ambiguity. This becomes important
when dealing with multiple tubes.
 = arctan[(f   Tz)=(g   Tx)] (5.4)
Now, consider any point in the plane and let the angle between this point and
the tube centre be given by  . There are two possible conditions, outlined here
jf       mod 2g   j   (5.5)
jf       mod 2g   j <  (5.6)
For angles of  that satisfy the condition in equation 5.5, the point lies outside
the critical extent of    and thus the irradiance simply governed by equation
5.2. For any points lying between the angular extents    by equation 5.6, the
irradiance either obeys the prior relationship or is shielded by the patient and
thus is zero. This latter case occurs inside the patient circle, and for all points
beyond the patient relative to the emitting tube. If we consider a point inside
the critical extent and dene the distance from the centre of the patient circle to
this point as W, then we measure the irradiance at a point a distance r from the
centre of T,Ep to be zero if either of the following conditions hold
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 (I) Points inside Patient circle M - Where W < R , it follows that Ep = 0.
 (II) Points beyond the patient - Where r > D , then Ep = 0.
The eects each of these conditions have on the nal model is shown over an
area of a metre squared in gure 5.3 for a tube T at (0:2m; 0:1m) and a circular
obstruction of radius 10cm centred at 0:5m; 0:5m.
Figure 5.3: Logarithmic plots of conditions for circular shielding (a) E = 0 inside
circular obstruction (b) E = 0 between critical extent (c) E = 0 inside critical
extent when r > D (d) All conditions combined and satised
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5.3.2 Elliptical obstructions
While an ellipse is another conic section with many similarities to the circle,
there are several key dierences that make it more complicated to model. Like
the circle, two tangent points can be drawn from any external point to the ellipse.
However, unlike the circle, the bisector theorem does not hold for elliptical shapes;
in practice, that means we need to go to greater lengths and less obvious methods
to nd the corresponding expressions dening the major critical extent  . In
addition, points outside the major critical extent are treated as in the circular
cases, but the conditions for zero irradiance inside this critical zone must be
modied.
5.3.2.1 Finding the tangent points from an external point to an ellipse
There exists an analytic and algebraic method and notation by Joachimsthal
(Brannan et al 1999) for nding the tangent lines to any conic section. Any el-
lipse S with semi-axis of length a and b centred on (h,k) can be described fully
by the equation
S = (
x  h
a
)2 + (
z   k
b
)2   1 = 0 (5.7)
Any point on the ellipse satises this equation while any point outside the ellipse
satises S > 0. This is the rst condition for elliptical shading, as any point lying
inside the ellipse will satisfy S < 0 and thus have zero irradiance. Joachimsthal
notation can be used to describe any conic section and is of the form;
Sij = Axixj +
B
2
(xizi + xjzj) + Czizj +
F
2
(xi + xj) +
G
2
(zi + zj) +H (5.8)
where i and j denote arbitary points Pi and Pj and A, B, C, F , G, and H are
respectively the co-ecients of x2, xz, z2, x, z and the constant when the equa-
tion 5.7 is solved for any arbitrary values. The Joachimsthal notations for Si and
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Sii are
Si = Axix+
B
2
(xiz + xzi) + Cziz +
F
2
(xi + x) +
G
2
(zi + z) +H (5.9)
Sii = Ax
2
i +Bxizi + Cz
2
i + Fxi +Gzi +H (5.10)
It can readily be seen that Si gives the equation of a line and Sii produces a
numerical value. The advantage of Joachimsthal notation is that it allows one to
nd the equations of the tangent pair at any point from a given conic through
algebraic manipulation. A full discussion of the derivation and mathematics can
be found in Brannan et al (1999) and Salmon (1896), but for our purposes it
is sucient to know that if a line is tangent to conic section, then it satises
equation 5.11
S2i   S:Sii = 0 (5.11)
When this equation is solved for a point, an expression is obtained that is the
product of the two resultant tangent lines A and B. These equations of these
lines are in the form A = x+'z+ = 0 and B = x+ z+  = 0 and it follows
that the resultant expression is of the form
A:B = z2 + 'x2 + (+ ')zx+ ( + )z + (' + )x+  (5.12)
One can factorize this expression and obtain the two line equations A and B from
the point. From these line equations, one can nd the slope of the lines and hence
the angles formed with the ellipse. Factorizing an expression such as this can be
computationally very dicult and can result in ambiguities, but one can avoid
these diculties if we consider the case where the co-ecient of z2 in equation
5.12 is unity, so that  = 1; from this, it can be shown that in such a case, the
co-ecients of x2 and xz, denoted WU and PU respectively, are related to the
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tangent line slopes m1 and m2 by
WU = m1m2 (5.13)
PU =  m1  m2 (5.14)
This method of evaluating WU and PU and hence the respective slopes of the
tangent pairs only works when the co-ecient of z2 is one. However, it is possible
to manipulate the initial algebraic expression to obtain generalized expressions,
WG and PG. For any external point P(x,z), it can then be shown that
WG =
b2   (z   k)2
a2   (x  h)2 (5.15)
PG =
2(x  h)(z   k)
a2   (x  h)2 (5.16)
These values are easily obtained from the input values for the ellipse centre (h,k),
axis lengths a and b and an external point P(x,z), avoiding the use of symbolic
manipulations and allowing calculation of the tangent points from the initial con-
ditions. It is straightforward to use the quadratic formula to obtain values for
m1 and m2. Furthermore, it can be shown that solving the quadratic expression
for either m1 or m2 will actually yield both pairs of roots, so it is only required
to solve the quadratic for m once, which is of the form m2 + Pm+W = 0. This
physically makes sense when we consider that we only expect two distinct values
for the slope. If we denote the solution m1 as the smaller of the two solutions,
then the solutions to the quadratic take the form shown in equations 5.17 and
5.18.
m1 =
1
2
( PG  
q
P 2G   4WG) (5.17)
m2 =
1
2
( PG +
q
P 2G   4WG) (5.18)
If we solve tangent lines through T at (Tx; Tz) we get the slope of both tangent
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lines and the point common to both these lines. Thus, we can readily ascertain
the equations of both lines. These equations are
A = z   Tz  m1x+m1Tx = 0 (5.19)
B = z   Tz  m2x+m2Tx = 0 (5.20)
These lines intersect once each with the ellipse. The ellipse equation is a poly-
nomial of the second order, and the line equation a polynomial of the rst order,
and as the very denition of a tangent to a boundary is a line that touches that
boundary just once, is it possible to show that the solution to both sets will be
repeated root. This can be veried by checking the discriminant of the quadratic
equation is zero, and indeed this is what we physically expect. Now we dene
the point where the tangent line A of slope m1 intersects the ellipse as (r,t), and
solve for r and t by
r =
hb2 + km1a
2  m1a2(Tz  m1Tx)
b2 +m21a
2
(5.21)
t = m1(r   Tx) + Tz (5.22)
By the same logic, dening the point at which the tangent line B of slope m2
intersects the ellipse as (p; q), we solve for p and q by
p =
hb2 + km2a
2  m2a2(Tz  m2Tx)
b2 +m22a
2
(5.23)
q = m2(p  Tx) + Tz (5.24)
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Figure 5.4: Determining the major critical extent of a elliptical obstruction
5.3.2.2 Ascertaining the major critical extent
As in the circular case, we wish to nd the bisector angle between the two tangent
lines. In the circle case, this was trivial as the bisector theorem states the angle
between the point and the circle centre is the bisector. In an ellipse, however,
this is not the case, and we need a method to generalize nding the bisector point
(l,m) as shown in gure 5.4. This point lies on the line D which evenly bisects
the tangent lines A and B. This slope of this line, mD , is given by
mD = tan(
arctanm1 + arctanm2
2
) (5.25)
Knowing that (Tx; Tz) also lies on this line, we can readily obtain the line equa-
tion. Now consider the line joining the two tangent points (r,t) and (p,q). We
call this line J and the slope of which is easily calculated as
mJ = [t  q]=[r   p] (5.26)
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The point (l,m) lies on J as well as on D and thus we can solve these rst order
polynomial equations to obtain a value for the bisector point. The solutions for
l and m take the form
l = (mJr  mDTx + Tz   t)=(mJ  mD) (5.27)
m = mJ(l   p) + q (5.28)
Now, having solved the bisector point, we can ascertain the angle  by a method
analogous to the method in circular method.
 = arctan[(m  Ty)=(l   Tx)] (5.29)
Now we need a value for  as in the previous case so that we can describe the
critical extent   . Because all side lengths of the triangle (Tx; Tz), (r,t) and
(p,q) can be calculated, one can invoke the cosine rule to solve for the angle.
 =
1
2
arccos(
jAj2 + jBj2   jJ j2
2jAjjBj ) (5.30)
Thus, analogous to the circular case for any angle  , the irradiance eects de-
scribed by equations 5.5 and 5.6 hold, so that outside the angular extent   ,
the irradiance is otherwise unaected and obeys equation 5.2.
5.3.2.3 The minor critical extent and cosine tracing method
Unlike a circle, points on an ellipse are not all equidistant from the centre of
the ellipse. For this reason, the act of drawing a line or arc that connects the
two tangent points and stays within the connes of the ellipse can be a compli-
cated undertaking, and for any simulation to be successful, we need a generalized
method of nding such a line. One eective way of doing this is to consider the
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points (Tx; Tz), (r,t) and (p,q) as three points of a circle and to locate the circum-
centre of these inscribed points. We call this point (w,v) and it has the property
of being equidistant from each of the three inscribed points. The circumcentre
lies on the intersection of lines drawn perpendicular to the midpoints of each
the three lines. Knowing that the product of the slopes of perpendicular lines is
minus one, it can shown that the slopes of the A? and B? are respectively
mA? = [(Tx   r)=(t  Tz)] (5.31)
mB? = [(Tx   p)=(q   Tz)] (5.32)
The points through which these lines pass through are given by the midpoints of
the the tangent lines and are thus
A?x;A?z =
Tx + r
2
;
Tz + t
2
(5.33)
B?x;B?z =
Tx + p
2
;
Tz + q
2
(5.34)
Figure 5.5: Determining the minor critical extent of a elliptical obstruction
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This gives us enough information to nd the circumcentre which corresponds to
the intersection of these perpendicular lines. The solution for (w,v) is then
w =
mB?B?x mA?A?x+ A?z  B?z
mB?  mA?
(5.35)
v = mB?(w  B?x) +B?z (5.36)
Finding the radius of this circle, denoted as Rcc is straightforward, as it is dis-
tance from (w,v) to any of the points. A line of length Rcc traced from tangent
point (r,t) to tangent point (p,q) produces an arc spanning the ellipse, and it
is tempting to think think that this condition in combination with the S < 0
condition fully describes the non illuminated regions and this is very near the
truth; however, a condition which states that anything beyond the arc is non-
illuminated is too simplistic as it can result in impossible regions of illuminations
behind the ellipse. The solution is to modify this arc into a straight line joining
the two tangent points, so that it is always inside the ellipse. First, we call the
half angle between (w,v) and either of the tangent points , dened as
 =
1
2
arccos(
2R2cc   jJ j2
2R2cc
) (5.37)
Now, consider the line J connecting the tangent points; consider the midpoint
of this line and dene this point as (z; e), which can be deduced as previously
shown in equations 5.33 and 5.34. Thus, the eective zero angle relative to the
circumcentre cc is dened as
cc = arctan[(e  v)=(z   w)] (5.38)
Now we have an new angular extent of cc  , which we call the minor critical
extent, as shown in gure 5.5. We dene the angle  as the angle between any
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point and the circumcentre (w,v). If we further dene the angle e as the eec-
tive angle with respect to cc we can prove
e = jcc  j (5.39)
Using the sine rule and various other trigonometric manipulations, it is possible
to show that the for any angle of e lying within the minor critical extent is a
distance rJ from J given by
rJ = Rccj cos
cose
j (5.40)
Thus, for any point within the minor critical extent, the irradiance is zero when
the distance from the point to the circumcentre is greater than rJ , provided that
point is still inside the major critical extent. Points which lie inside the minor
critical extent and beyond rJ yet outside the major critical extent are still illu-
minated. We can then combine all these conditions to fully describe an elliptical
obstruction, and this is illustrated in gure 5.6 for tube T at 0:2m; 0:4m and an
obstruction with a = 5cm and b = 20cm centred at 0:5m; 0:5m.
Despite the simplicity of the radial model, the elliptical obstruction conditions
are quite intensive and mathematically involved.
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Figure 5.6: Logarithmic plots of conditions for elliptical shielding (a) E = 0 inside
ellipse (b)E = 0 inside critical extent (c) rJ condition in minor critical extent
(d) All conditions combined
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Table 5.1: Hypothetical Patient Attributes
Patient Attribute Typical total value Semi-major / minor value
Head Length 188 mm 94 mm
Head Breath 145 mm 72.5 mm
Shoulder Breath 438 mm 219 mm
Hip breath 387 mm 193.5 mm
Abdominal depth 237 mm 118.5 mm
Knee Radius 57.3 mm 57.3 mm
Knee spacing 110 mm 110 mm
5.3.3 Radial cabin with patient
Multiple source irradiance can be modeled as it is a cumalative eect. Thus, it is
possible to model the eects of multiple sources for the radial model by simulating
the eects for each tube and summing all these eects. Table 5.1 gives the average
DINBelg (DINBelg 2005) dimensions of elements of human anatomy, all of which
approximate elliptical shapes with their own respective semi-major / semi-minor
axis values. The eects of multiple tubes arranged in an array similar to that
encountered in a Waldmann UV-1000 cabin impinging on a patient standing at
the centre is shown in gure 5.7 for various anatomical heights - head, shoulders,
waist and knees. The Waldmann unit in this situation has 26 tubes and no
reections are assumed.
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Figure 5.7: Logarithmic plots of UV-1000 array irradiance at dierent vertical
heights along a patient assuming radial model. Clockwise from top left - Head,
Shoulds, waist and knees.
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Figure 5.8: Variation of irradiance along length
5.4 Applicability of the radial model
The radial model relies on a major simplication, namely that all radiation is
emitted perpendicular to the surface. While this is false, in certain situations it
can approximate reality to within 10%. The outstanding question is whether this
is the case in UVR phototherapy. In a radial emitter, at any given distance the
detector will record the same value regardless of vertical position along the tube
length. Figure 5.8 shows the actual recorded irradiance along the tube length
with increasing distance from the tube centre (see experimental procedure in
chapter 8 for an outline of this experiment). In the middle of the tube length the
irradiance stays consistent and drops o near the tube edges. This eect becomes
more pronounced as radial distance from the tube centre increases. The equation
for the radial models as given in equation 5.1 implies the irradiance is inversely
proportional to the radial distance. This equation can be rewritten as
97
5.4 Applicability of the radial model
E = C=r (5.41)
where C is a constant. The measured values of E from the midpoint of the tube
with increasing radial distance were contrasted with the expected irradiance from
a radial model. The constant C was found by setting the rst measured value
and rearranging C = Er which yielded a value of 1:9552W=m. The comparison
between the radial model and measured values is shown in gure 5.9. The relative
error with distance is shown in table 5.2.
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Figure 5.9: Irradiance error with distance in radial model
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Table 5.2: Percentage error for radial model
Distance (mm) Error %
45 0
95 1.5235
145 0.4835
195 0.7235
245 2.3155
295 3.5620
345 5.9325
395 7.6087
445 9.8455
495 16.1765
545 19.5872
595 26.3898
645 31.7998
695 37.2346
745 38.1314
In this particular case, the radial model has an error of less than 10% up to
445mm from the tube centre. Thereafter the error increases as the irradiance
falls o much faster than the model predicts. It is then tempting to think that
the radial model is a then good approximation up to this point but this is not
in fact the case; The radial model makes no concession for incident angle and by
its very nature cannot be easily modied to do so. In the case depicted in gure
5.9, the detector was directly facing the tube and at zero inclination. In this
case, the radial model can work quite well as illustrated. However, in any case
where the detector is not directly facing the source and is in any way inclined,
the radial model entirely breaks down, rendering it unsuitable for all but very
specic applications in the near-eld.
5.5 Conclusions
While the radial model is simple and seemingly a good starting point, there are
several factors that render it unt for the purpose of irradiance modeling and
dosimetry
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1. The model itself has questionable reliability as the major assumption it
makes regarding radiation emission is demonstratably false; this produces
small errors in the immediate vicinity of the tube, but breaks down quickly
further away.
2. The radial model cannot allow for the angle which radiation is received. In
reality this will aect the overall irradiance quite drastically but the model
can only handle situations where the detector has no inclination.
3. Obstruction modeling with the radial model is complex and again the prob-
lem of incident angle presents itself.
In conclusion, the radial model is not adequate for dosimetry and a new, more
robust model must be developed to handle clinical situations.
5.6 References
 DINBelg: Body dimensions of the Belgian population (2005)
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Chapter 6
Construction of a rigorous lamp
source model
Initial research led to the conclusion that the approach examined in chapter 5
was only sucient to characterize UVR sources in very limited situations. For
this reason, it became important to research other types of models that are more
promising.
6.1 A new Line source model
Line sources are one dimensional source geometries with a nite extent. In the
eld of ultraviolet phototherapy, reference has been made to this specic model
geometry before (Martin and Pye 2000) as a method of approximating tube be-
haviour. Martin and Pye's model has been discussed in chapter 4, and can be
an eective ad hoc system in certain cases. The aim here is to examine this con-
cept from rst principles in order to construct a formalized computational dose
model. A line source is a linear array of point sources, and it is important to
revisit some important radiometric denitions in order to ascertain an expression
for the irradiance from a point source. Radiometric quantities can have a certain
degree of ambiguity depending on the eld in which they are being applied, but
have been dened well for photobiology by Sliney (2007).
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Figure 6.1: Point irradiance upon an inclined plane
Irradiance (E ) is the quotient of the radiant power incident upon an element of
surface containing that point divided by the area of that element. The radiant
intensity (I ) is the quotient of the radiant power leaving the source in a direction
divided by the solid angle made in that direction.
E = dE=dS (6.1)
I = dE=d
 (6.2)
The situation for a point source a distance r from a detecting area inclined with
angle  is shown in gure 6.1. It is possible to calculate the solid angle and ma-
nipulate the identities established in equations 6.1 and 6.2 to get an expression
for irradiance from the point source.
d
 = dS cos =r2 (6.3)
E = I cos =r2 (6.4)
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So the expression for irradiance from a point source has both a cosine dependence
and an inverse square law relationship. Assuming diuse radiation, the radiant
intensity is a constant per unit length given by equation 4.6
I = SL=
2 (6.5)
As the line source is a linear array of such point sources, the radiant intensity
of a line source can be considered to be approximately constant without loss of
generality. Recalling that a simple line source model is a linear array of point
sources, it stands to reason that the irradiance from a line source in the integral
of the points sources along the entire length of the source. This is expressed in
equation 6.6
E =
SL
2
Z
cos 
r2
dl (6.6)
The cosine between the surface normal of the detector ~n and the radial vector ~r
is given by the dot product as expressed in equation 6.7
cos  =
~n  ~r
jnjjrj (6.7)
This identity allows the form in 6.6 to be written in vector terms without the
direct inclusion of the cosine identity. Re-writing SL=
2 as SR, the reduced con-
stant, this is expressed explicitly in equation 6.8.
E = SR
Z
~n  ~r
jnjjrj3dl (6.8)
The question that immediately arises is whether there are any explicit solutions
for the equations 6.6 or 6.8 and what the forms of these solutions might be.
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6.1.1 Solutions of the new model
6.1.2 Simple case solution
The simple case to solve is when there is a detector or element of skin directly
facing a line source, such as that illustrated in gure 6.2. In this case, the cosine
can be expressed in terms of d and l as
cos  = d=r = d=
p
d2 + l2 (6.9)
And accordingly, equation 6.8 can be expressed
E =
Z
SR cos 
r2
dl =
Z
SRd
(d2 + l2)3=2
dl (6.10)
This expression can also be solved analytically for the entire length of the tube
by integrating with respect to l between the limits of L  h and h, and results in
a expression, E(h; d), for a detector as shown in equation 6.11.
E(h; d) = SR[
L  h
d
p
d2 + (L  h)2) +
h
d
p
d2 + h2
] (6.11)
Figure 6.2: A detector of area dS at a distance r from point source at P
104
6.1 A new Line source model
Figure 6.3: Vector orientation for general case: The detector is inclined relative
to the lamp and not directly facing the source
6.1.3 General case solution
The simple solution gives the irradiance for detectors and surface elements fo-
cused directly upon the line source. However, in practice detectors and human
epidermis will oftentimes be at various orientations to the source and thus a more
robust solution is required to examine the majority of cases. A surface normal
has the equation
~n = (A~x+B~y + C~z) (6.12)
where ~x, ~y and ~z are orthogonal vectors and ~y is the vector along the length of
the lamp as in gure 6.3. If the centre of the detecting surface is at (d; h; z) and
the source standing on the origin, then the radial vector is
~r = ( d~x; l~y; z~z) (6.13)
The identity in equation 6.8 can then be written as
E =
 SRp
A2 +B2 + C2
Z
Ad+Bl + Czp
d2 + z2 + l2
3dl (6.14)
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Integrating between the limits of L h and h and rewriting thepA2 +B2 + C2 =
jnj for clarity, this can also be solved analytically, giving the general expression
for irradiance for any surface normal.
E =
 SR
jnj(d2 + z2) [
(Ad+ Cz)(L  h) B(d2 + z2)p
d2 + z2 + (L  h)2 +
(Ad+ cz)(h) +B(d2 + z2)p
d2 + z2 + h2
](6.15)
This analysis yields the general case for a detector or epidermal surface at any
orientation relative to the source. This equation produces negative values of E
when the absolute angle between the ~n and ~r vectors is greater than =2 so care
must be taken to ensure that simulated irradiance is forced to zero when a nega-
tive value occurs. This arises because cosine is negative between =2 and 3=2.
However, at these angles the radiation is not incident upon the surface and thus
it can be safely set to zero in any simulation. The general equation derived can
handle any orientation. This analysis can also be done for an extended source but
results in a non-analytical utterly unwieldy expression as outlined in appendix B.
Consider the orientation in the simple case. Then the normal vector becomes
~n = ( 1~x+ 0~y + 0~z) (6.16)
Thus the general equation reduces to
E =
 SR
(d2)
[
( d)(L  h)p
d2 + (L  h)2 +
( d)(h)p
d2 + h2
] (6.17)
Which further reduces to
E =
SR
d
[
L  hp
d2 + (L  h)2 +
hp
d2 + h2
] (6.18)
Which is the identify derived for the simple case in equation 6.11.
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6.2 Determining SL and SR
SR gives a normalization constant for the model. If the UV tubes are well de-
scribed by a line source model, then determining SR is experimentally possible
by contrasting the simulated results with a constant of unity at some point, EU
with the irradiance experimentally measured at the same point, E. Thus for a
consistent line source emitter, SL can be determined by
SL = 
2SR = 
2 E
EU
(6.19)
The result obtained should be relatively consistent for values chosen if the model
is suciently robust and describes the emission well. However, improved accuracy
is expected further away from the tube ends where there may be scatter eects
and obstruction from the lamp anode / cathode elements.
6.3 Conclusions
The new model derived here has several advantages over models previously avail-
able and those discussed in chapter 5. The main features that make the model
so advantageous are
1. Accounts fully for incident angles This model handles all potential
cases by fully solving the surface normal cases. It can thus account for
irradiance from any angle with respect to the source, rendering it extremely
useful.
2. Completely Analytical The new model does not rely on summations
from discrete elements, instead factoring in all source contributions. This
is in stark contrast to previous models.
3. Instantly applicable The other models discussed required modication
for various cases that might arise; the new model works regardless of initial
conditions, provided one has a measure of the SR, which is in theory easily
measured.
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Chapter 7
Experimental investigation of
new source model
The source model derived in chapter 6 requires experimental verication to de-
termine its predictive power and applicability. Two experiments were designed
to examine this - A relatively straightforward 'chart-recorder' style experiment
for the simple case and a more complex rotating detector procedure to examine
the general case.
7.1 Investigating the simple case
7.1.1 Experimental procedure
In this experiment, a Phillips 100W TL-01 lamp was analyzed in a 'chart-recorder'
set-up; the tube was rigged independently of the cabin with the detector directly
facing the tube centre so the irradiance could be recorded as a function of radial
distance from the tube centre (d) and position along the tube length (h). TL-01
bulbs are narrow-band UVB with emissions at 311nm. A standard Phillips ballast
was used to power the tube. The detector was a calibrated IL1400A handheld
meter with an SEL240 UVB probe [International light, Massachusetts] with a
PFTE lter and low f2, designed to detect this radiation. The experimental set
up is illustrated in gure 7.1.
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Figure 7.1: Routed experimental MDF board, with 50mm tracks equidistant.
The rigging was mounted on a sturdy medium density breboard (MDF) which
had tracks routed in it at equidistant 50mm intervals. The tube diameter was
measured at 37mm. The head of the IL meter detector was placed in a specially
designed mount engineered to slide inside the routed tracks, allowing variation in
the plane parallel to the tube 'length', as shown in gure 7.2. This mount was
blackened to reduce any scatter or reection. The TL-01 tube source was placed
on similarly blackened mounts and attached to the ballast, with 1720mm of tube
visible. The rig was designed to ensure the tube mounts and the detector mounts
kept the tube and detector at equal heights at all points.
In addition to the primary IL400A meter for taking measurements, an inde-
pendent sglux [sglux, Berlin] sensor and UVB probe were set along side a digital
thermometer to examine whether the tube output changed signicantly during
the experiment. The tube was left operating for approximately ten minutes until
the sglux monitor showed a stable reading.
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Figure 7.2: (a) 'Chart recorder' board (b) View of the mount and detector
Measurements were taken from the rst routed track, which was 26:5mm radially
from the tube (45mm from centre) to 745mm from centre. Along the other plane,
measurements were taken in increments of 40mm. Changes in temperature and
baseline UVB were recorded. Temperature varied between 18.8 and 21 degrees
celsius. During measurements, the UVB output recorded by the secondary meter
showed no change once the tube had warmed up, indicating consistency for results
taken with the primary meter. At all points multiple readings were taken and
the results averaged. These were taken at dierent times to ensure repeatability.
All reective surfaces were covered with black matt board to reduce incidences
of reection or scatter of ultraviolet radiation back into the radiometer, and to
this end the MDF board was coated in matt black spray paint to minimize the
reectance. The reectance of the matt-black board and blackened mounts were
examined by measuring background UV readings with and without tube output
at dierent angles. The reectance was found to be negligible at all measurement
points.
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Figure 7.3: Comparison of simple model normalized at 495mm with measured
values along the length of lamp. Distances from lamp centre of 45mm. 295mm
and 695mm are shown.
7.1.2 Simple case results
Results from the simple case were highly encouraging; The model and measured
irradiance with various values of h along the tube is shown in gure 7.3 for
d = 0:045m, d = 0:295m and d = 0:695m to illustrate the high level of agreement
between simulated and actual values. The determined SR in this particular gure
is taken at the centre of the tube a distance of 0:495m away from the centre; SR
varied very little regardless of chosen normalization distance and length along
tube; this implies that the model is robust and has a high level of accuracy. The
goodness of t data (co-ecient of determination) shown in table 7.1 highlights
minimal impact of normalizing at various points. This high value for r2 and low
variance strongly imply the model is accurate in this situation.
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Table 7.1: Goodness of t for simple model
Tube edge distance r2 normalized at 45mm r2 normalized at 745mm
120mm 0.9956 0.9989
200mm 0.9983 0.9981
320mm 0.9992 0.9974
400mm 0.9996 0.9972
520mm 0.9996 0.9971
600mm 0.9998 0.9965
720mm 0.9997 0.9957
800mm 0.9997 0.9960
920mm 0.9998 0.9959
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Figure 7.4: Comparison of simple model normalized at 495mm with measured
values, 920mm from tube end. The measured and simulated values lie very close
to one another and the there is little variation in the two values regardless of
normalization point.
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SR had an average value of 0:976W=m with a standard deviation of 0:029W=m.
This indicates that the power per unit length SL has an average value of 9:636W=m
with a deviation of 0:29W=m. Figure 7.4 shows the model irradiance versus mea-
sured irradiance with increasing values of d and h = 0:92m, showing the very
close agreement. This close agreement is seen at all lengths along the tube in the
simple case.
7.1.3 Conclusions for simple case
The high level of agreement between measured and simulated data strongly im-
plies that the model works for the simple case. The simple case of the new model
is much more accurate than the radial model at all points. However, the simple
case shares one element in common with the radial model in so much as it breaks
down when the detector is not directly focused upon the source. This requires
the general case solution to be veried.
7.2 Investigating the general case
While it was useful to examine the simple model, a general solution proves a great
deal more powerful as it allows calculation of irradiance regardless of orientation
and in practice, human skin will not be directly facing the source in the majority
of clinical situations. Also, most modern cabins are built with reectors either
behind or around the lamp, and even if the initial radiation from the source came
directly upon a relatively at skin surface, the reected light would be incident
upon the same target at dierent angles by denition. For these reasons, a general
solution is much more applicable in practice and verifying the general solution is
paramount to achieving this.
7.2.1 Experimental procedure
To test the general solution at a variety of angles and orientations, the auto-
mated detector system discussed in chapter 3.2.3 in conjunction with a single
tube rigged independently of the cabin and reectors. This rotating arrangement
provides a varying surface normal ~n. The system consists of a pair of detectors,
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one collimated and one uncollimated, mounted upon a stepper motor that records
800 measurements over the entire 2 radian rotation, giving a circular irradiance
prole. The uncollimated detector has an f2 of < 5% and thus a good angular
response. To test the merit of the general solution, the automated detector was
set up as illustrated in gure 7.5. The length of the pivot to the detector face is
denoted LT , and the pivot lies a distance D along the ~n from the tube centre.
The surface normal of this system is parameterized by a circle and the radial vec-
tor relates to this, so with respect to the rotation angle  these vectors are given by
~n() = A()~x+ C()~z = cos~x+ sin~z (7.1)
~r() = d()~x+ z()~z = (D + Lt cos)~x+ (Lt sin)~z (7.2)
Figure 7.5: Automated set-up; (A) Top-down view (B) Side view.
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The distance D was varied by moving the automated system back and a series
of irradiance proles were taken at various values of D. Recalling the general
solution in equation 6.15, it can be seen as the ~y vector is zero then B = 0.
Similarly, the magnitude of the normal in this case is a constant of unity so that
jnj = 1. Thus, this equation can be rewritten in terms of  as
E() =  SR
d()2+z()2
[ (A()d()+C()z())(L h)p
d()2+z()2+(L h)2 +
(A()d()+C()z())(h)p
d()2+z()2+h2
] (7.3)
If the general solution holds, this equation should describe the irradiance recorded
by the rotating detector. This equation produces negative values of E when the
absolute angle between ~n and ~r is greater than =2 so care must be taken to
ensure that simulated irradiance is forced to zero when a negative value occurs.
7.2.2 General case results
Various values of D up to 570mm were examined and pivot length LT was mea-
sured at 150mm. The pivot began rotation facing directly away from the tube
at 0 degrees and was directly facing the source at its closest point at  radi-
ans. Because of this, measurements were zero at 0 degrees and a maximum at
 degrees. Simulation values were normalized and compared to measured values.
These were found to be in good agreement for all cases. Results for the case
where D = 248:5mm is shown in gure 7.6. The TL-01 lamp used had an SR of
0:99438W=m with a standard deviation of 0:0084W=m. Although the lamp used
in this experiment was a dierent TL-01 than in the previous case, the percentage
dierence in SR is < 1:385%, strongly suggesting that these model lamps have a
consistent output. Agreement between data and model was found regardless of
D used, as shown in table 7.2. With increasing values of D, the irradiance fell
while the angular extent over which measurements were recorded increased. This
is illustrated in gure 7.7 for D = 368:5mm and D = 478:5mm, where the scales
have been kept the same to illustrate the increasing angular measurement extent
and decreasing irradiance with greater values of D.
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Table 7.2: Goodness of t for general model
D of Rotation r2 value for measurements at D
248:5mm 0.9971
368:5mm 0.9943
478:4mm 0.9904
576:5mm 0.9904
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Figure 7.6: Results of model and measurement at D = 248:5mm
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Figure 7.7: Results at (A) D = 368:5mm and (B) D = 478:5mm
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7.2.3 Conclusions for general case
The agreement between model and measured values for constantly varying values
of ~n and ~r shows the new model is adapt at describing the physical reality of the
lamp source by treating it as a diuse line source. The value of SR obtained of
0:99438W=m and standard deviation of 0:0084W=m yields a value for power per
unit length of 9:8141W=m with a deviation of 0:083W=m. The small errors in the
t are likely caused by uncertainties in ascertaining the exact detector to tube
centre distance but are exceptionally small and do not impact on the over all
t. There is also a higher contribution from signal noise far out as the readings
become much lower and the eects of small jumps become more pronounced.
7.3 Conclusions
The high level of agreement seen with the new model in both the simple and
general case indicates strongly that it is capable of fully characterizing the arti-
cial UVR sources for phototherapy. This in itself is a considerable step, as the
characterization of articial UVR sources had been earmarked as a area where
research was needed by the NRPB. The model is hence viable as the fundamental
component of a UVR dosimetry model and will be used as such in developing a
dose model.
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Chapter 8
Reection Modeling
The emission model formulated in chapter 6 and examined in chapter 7 was found
to have a very satisfactory predictive power and was suitable for characterizing
the output of a UVR lamp. Using this as a basis, it is in theory possible to extend
this analysis to deal with reections from the anodized aluminium back panels
and quantify what they contribute to patient dose. There are two distinct possible
cases; in one case the images formed are specular and essentially an image of the
tube is formed through the reectors which then contributes to incident dose.
The other potential model is a diuse type model where all radiation from the
reectors can be considered forward directed either through the reector design
characteristics in the UV area of the spectrum or through multiple reections
resulting in a forward scatter. Initial test indicate the former has more predictive
power so it is examined here.
8.1 Reector arrangement
Ultraviolet phototherapy reectors come in numerous shapes and sizes, and have
been broadly outlined in chapter 3.1.2. They are placed as to maximize exposure
and minimize light loss. These mirrors can be arranged in any conguration and
sometimes consist of just a back mirror, but often these reectors are typically
three at plane mirrors arranged behind the tube. Such a conguration is shown
in gure 8.1. Such an arrangement is typical of a Waldmann cabinet. Other
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arrangements include a single at sheet reector behind the tubes which is often
observed in models from National Biologic.
Figure 8.1: A mirror arrangement with back length B, sides of horizontal length
A projected at an angle of 
8.2 Specular reective model
Before embarking on a discussion of the specular model, it is important to slightly
modify the general equation to account for cases where d 6= 0 and / or z 6= 0,
where the tube does not stand at the origin, and instead stands at d, z. Then
the radial vector is given by
~r = (d  d)~x  l~y + (z   z)~z = do~x  l~y + zo~z (8.1)
This modies the general form in equation 6.15 slightly to
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E =
SR
jnj(d2o + z2o)
[
(Ado + Czo)(L  h) +B(d2o + z2o)p
d2o + z
2
o + (L  h)2
+
(Ado + czo)(h) B(d2o + z2o)p
d2o + z
2
o + h
2
](8.2)
The basic principle behind the specular reection model is that images of the
tube are formed in the reectors and contribute to irradiance through this mech-
anism. These images will act as emitters, but will be limited by the geometry of
the mirror and reduced in intensity by the reectivity of the mirror, which will
be less than unity. If we denote this as Rf , then the equation for a contribution
from reection is then
E =
RfSR
jnj(d2o + z2o)
[
(Ado + Czo)(L  h) +B(d2o + z2o)p
d2o + z
2
o + (L  h)2
+
(Ado + czo)(h) B(d2o + z2o)p
d2o + z
2
o + h
2
](8.3)
.
For any arbitrary point, there may be contributions from the both the tube and
one or more mirrors, or alternatively contribution from either the tube or mirrors
or none. It is prudent to establish theoretical bound on where these zones of
reection occur.
8.2.1 Mirrors and source reection
The specular reective model assumes the mirrors are approximately planar, so
that the angle of incidence equals the angle of reection, and there is little disper-
sion of the incident light upon reection. Similar assumptions have been made
for cabin reectors before (Langmack 1998). The reections at a point C(Cx; Cz)
from a mirror arrangement similar to that is 8.1 are shown in 8.2. Geometrical
eects are initially assumed to be small and contributions from the back mirror
negligible.The source at P is eectively surrounded by two plane mirrors which
contribute at the irradiance measured at C. For any point C there can be contri-
bution from one mirror, both mirrors or neither mirror and it becomes important
to generalize a method to allow quick computation of mirror contributions for
any such point.
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Figure 8.2: The path of reected light from the CR source centred on (Px; Pz) to
a measurement point (Cx; Cz). M1 denotes the upper mirror and M2 the lower
one.
8.2.2 Finding the image of P through the mirror
The mirror can be dened with two sets of points at either extent; these points are
denoted L(Lx; Lz) and U(Ux; Uz) respectively. With this, it is possible to treat
the mirror as a line, with a slope ML readily calculated from the coordinates U
and L. For P , the co-ordinates are given by d;z. It can be shown through
manipulation of the algebra that the coordinates for the image of P , denoted P 0,
are given by
P 0x = d+ (2ML(z +MLLx  dML   Lz)=(M2L + 1)) (8.4)
P 0z = z + (2(Lz  MLLx +dML  z)=(M2L + 1)) (8.5)
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Figure 8.3: Light incident from P hits a point on M1 creating an angle of  with
the normal. This is reected at the same angle to C. P 0 is the image of P through
M1. XI and ZI give the points of intersection.
8.2.3 Determining regions of contribution and non-contribution
The analysis above can be extended to cover multiple reectors around a tube
quite readily. This leads into the next foreseeable problem; determining zones
where reection contributions count and zones where they do not. There are
three specic regions of interest, depicted in gure 8.4. The rst fundamental
region of interest is the contribution from the source itself shown in gure 8.4(A);
Emissions come from the centre of the tube source, and limited only by the re-
ector edges. The line from the upper edge of M1 to the centre of the tube
source is S1, and the line from the upper edge of M2 to the tube centre is S2 so
any point lying between these lines will have a direct contribution from the source.
Figure 8.4(b) illustrates the zones where reections from the mirror M1 con-
tribute. The line from the image of the tube centre in the reector to the upper
edge of M1 is denoted Q2. Assuming that any photons reected back onto the
tube itself from M1 are not re-emitted and secondary reection from the tube
is minimal, this means Q1 is the other bounding line for the contributions from
M1 reections and it is given as the line between the image through M1 and the
tangent to the source circular cross-section. The zone bounded by these lines has
a reection contribution from M1.
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Figure 8.4: Three possible regions of contribution (A) From the source between
the lines S1 and S2 (B) From the source image in M1 between the lines Q1 and
Q2 (C) From the source image in M2 between the lines W1 and W2
Figure 8.4(c) depicts the analogous case for reections from M2, bounded by the
lines W1 and W2. Ergo, the region between these lines will have a reection
contribution from M2. These cases and the respective equations for determining
them will be derived here.
8.2.3.1 Regions with direct contribution
To determine if any point x; z lies in a zone of direct contribution is relatively
straight-forward. The slope of S1 is readily determined from the co-ordinates of
the tube centre and edge of M1. Denoting this slope mS1, the line equation can
be re-arranged so that for any given input d, it produces a relative zS1 position
on S1. Using the same logic on line S2 and denoting its slope mS2 yields the
equations
zS1 = mS1(x d) + z (8.6)
zS2 = mS2(x d) + z (8.7)
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If a chosen value of x has a corresponding z with a value between zS1 and zS2, it
has a direct contribution from the source.
8.2.3.2 Regions with reection from M1
Determining the equation for Q2 is straight-forward, but the line equation for Q1
requires a slightly more esoteric approach. If the tube has a circular cross section
with a radius R, it is technically possible to derive an algorithm to determine
the two tangent points from the image. The tangent line nearest the upper point
on the mirror is the bounding line Q1. Finding the equation of this line can be
accomplished using a similar method to that used in chapter 6.3.1 on circular
obstruction; the bisector angle can be calculated from equation 5.3. The angle
between the tube centre and the reected tube in M1 at P 0M1x; P
0
M1z, , is then
given by equation 5.4. The slope of the tangent lines is then given by
mt = tan(  ) (8.8)
This produces two distinct values for mt; the line nearest the upper point is the
bounding line Q1 so it is important to determine which line is closer to the point
and reject the other one. This is done by utilizing the formula for distance of a
line to a point, which is straight-forward to implement into a simulation. Noting
that mt = mQ1 and denoting the slope of Q2 as mQ2 yields the test equations
zQ1 = mQ1(x  P 0M1x) + P 0M1z (8.9)
zQ2 = mQ2(x  P 0M1x) + P 0M1z (8.10)
If a chosen value of x has a corresponding z with a value between zQ1 and zQ2, it
has a reection contribution from the mirror M1.
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8.2.3.3 Regions with reection from M2
Determining the zones of reection from M2 can be achieved in a way analogous
to M1. The relevant bounding line equations yield
zW1 = mW1(x  P 0M2x) + P 0M2z (8.11)
zW2 = mW2(x  P 0M2x) + P 0M2z (8.12)
If a chosen value of x has a corresponding z with a value between zW1 and zW2,
it has a reection contribution from the mirror M2.
Figure 8.5: Hypothetical bounding regions for a given mirror arrangement. Areas
in blue are not irradiated, areas in yellow are irradiated by the source only, areas
in red are illuminated by the source and one of the reectors and the centre area
in brown is illuminated by the source and both reectors.
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8.2.4 Secondary reections
The specular reection model assumes negligible contributions due to the back
mirror and secondary reections o the tube. This assumption that contributions
from the back mirror are negligible rests on the fact that the diameter of the tube
eectively blocks any reections from this surface. Reections o the tube are also
discounted; as the UV photons emitted from the tube are created in a uorescent
process, if they are reected and incident upon the tube, they will eectively be
unable to excite the phosphor into emitting further photons. There are, however,
small secondary reection artifacts that can occur. How this occurs is shown in
gure 8.6 below. It should be noted that the secondary images formed are not
full images as they are limited by the geometry of the mirrors.
Figure 8.6: Primary and secondary reections through a reector system. The
source makes an image throughM1 which is partially copied in M2 and vice versa
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Figure 8.7: (a) Primary and secondary images formed by an object of small cross
sectional area (b) Primary and Secondary images formed by an object with same
cross sectional area as UV tube. Object is divided into four equal segments of
green, purple, silver and orange for clarity.
These secondary reections introduce self shielding issues. Figure 8.7 (a) shows
a mock-up of a typical reector geometry with a object of limited extent. In
this case the secondary reections are quite clearly seen and labeled. Figure 8.7
(b) shows the same set-up with a object with the same cross-sectional area as
the tube. In this instance, secondary reections are largely shielded by tube
area itself, implying that it may be able to eectively discount them in practice.
Experimentation reveals that the presence of the back mirror does not inuence
the primary or secondary images.
8.2.5 Specular reection modeling
Through the analysis outlined thus far, it is possible to estimate the contribution
from reection. The irradiance from a tube standing at any point is given by
equation 8.2. Figure 8.8 illustrates the contribution from reections expected
when Rf = 0:3 for a hypothetical mirror arrangement, shown by the red lines in
this gure with a detector surface normal ~n =  ~x The irradiance in the central
line iS increased the most by the contributions from the two mirrors. If we
consider the central line as line from the centre of the tube equidistant to both
mirrors, it is possible to compare the pure source irradiance to the irradiance
from source and mirrors as the detector moves back along this track.
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Figure 8.8: Logarithmic plots of source and reection contributions for a detector
with surface normal ~n =  ~x (a) Irradiance from Source (b) Irradiance from
Upper mirror M1 (c) Irradiance from Lower Mirror M2 (d) Total irradiance
from source and reectors. Rf = 0:3 in this simulation. Tube is illustrated in (d)
with reduced intensity for clarity
The situation for a rotating detector, similar to the experiment undertaken to
verify the general case in the prior chapter, can also be modeled. This is shown
in gure 8.9 with for d = 0:3m, z = 0m and Rf = 0:8. The case of no mirror
attenuation and violent attenuation are illustrated in this gure. The harsh cut-
o occurs when the detector can no longer 'view' the image source, based on
the line source assumption that all photons are emitted from the centre of the
line source. This is of course an approximation; an observer can still detect UV
photons from a tube even if there is no direct line to the centre. It is likely the
drop o will be more gradual than is currently predicted due to the fact the tube
is in reality an extended source. This is discussed now.
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Figure 8.9: Irradiance from the specular model with mirror arrangement at d = 0:3
and Rf = 0:8 and SR = 1. Simulations with no mirror clipping and aggressive
mirror clipping are shown.
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Figure 8.10: A rotating detector going through distinct attenuation zones with
M1; in the rst, no reected irradiance is recorded so A = 0. In the second, some
is expected so A > 0; A < 1 in the third, there is no side mirror clipping so A = 1.
8.3 Image clipping and mirror attenuation
The drastic clipping seen in gure 8.9 is a consequence of modeling the tube as
a line source. A line source has no physical extent, but in reality a source does
have a limited extent and will still emit even if the centre is not directly viewable.
For this reason, one expects a more gradual fall o than that shown in gure 8.9
between these two extremes. A gradual attenuation function at these extents
would improve accuracy. One method of doing this is to assume an attenuation
function A at certain extents. Consider the situation outlined in gure 8.10. The
centre line is the line from the centre of the image through the upper point of the
mirror. The maximum extent line is the line through the upper point the mirror
tangent to the circle closest to the mirror lower point. 'Below' the centre line, the
detector readings are not attenuated and A = 1. 'Above' the maximum extent
line, the detector cannot see anything from the image and A = 0. Between these
two regions 0 < A < 1. There are many options and methods for gauging this
attenuation factor, of varying experimental merit but one method has promise
and is examined here.
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8.3 Image clipping and mirror attenuation
Figure 8.11: Geometrical arrangement in attenuation zone
A function that attenuates gradually for points between the central line and the
maximum extent line should result in a more realistic model and tighter t to
any measured data. Consider the situation depicted for a detector in a position
above the central line so that it undergoes an attenuation of less than unity and
greater than zero. Such a scenario is depicted in gure 8.11. A detector at D has
tangents to the tube image at P and Q. The line which goes through the upper
mirror point U intercepts the line from P to the image centre I at point M . The
length of this segment is jSj. The radius of the image is jRj. A full treatment of
how to nd these points is given in appendix C. When the detector is between
the maximum extent line and the central line, it sees only a fraction of the line
jIP j. This fraction is given by
AL =
R  S
R
= 1  S=R (8.13)
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8.3 Image clipping and mirror attenuation
With this linear attenuation function, full irradiance is expected up to the central
line. After the central line is crossed, the irradiance is attenuated by the factor A
in equation 8.13. When S  R this is above the maximum extent line and A = 0.
The attenuation factor is somewhat ad hoc and is introduced to compensate for
the fact that the line source model does not have a surface correction. In reality,
the tubes are three dimensional objects and as such some clipping is expected.
Applying this attenuation correction to the situation in 8.11 results in the more
gradual fall o depicted in 8.12
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Figure 8.12: The eect of the derived linear attenuation function on simulation.
SR = 1, D = 0:3 and RF = 0:8
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8.3 Image clipping and mirror attenuation
Another potential attenuation function that results in a smoother cut o is the
square of AL which can be dened as the square attenuation function or
As = A
2
L = (1  S=R)2 (8.14)
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Figure 8.13: The eect of the derived square attenuation function on simulation.
SR = 1, D = 0:3 and RF = 0:8
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8.4 Conclusion
The eect of this squared attenuation function on the simulated irradiance is
depicted in gure 8.13. The dierences are subtle in that both functions attempt
to correct for the expected clipping by relating the attenuation to the extent of
tube surface visible at these points. The real physical relationship may be more
complex but these functions may provide a good start to modeling the real tube
behaviour.
8.4 Conclusion
Experimental investigation of the line source model proved that it works excep-
tionally well for UVR tube sources, and this section is an outline of how the same
principle may be extended to cover specular reection. To this end, a theoretical
model that produces an image of the tube in a surrounding mirror has been de-
veloped in this section.
The fact that the tube is in reality an extended source may cause some com-
plication, so to factor in for this possibility an ad hoc attenuation factor has been
added to the model. The principle behind this attenuation factor is solely to cor-
rect for clipping artifacts that arise when the tube image is partially obstructed
by the mirror edges.
The possible contributions from secondary images have been discussed though
it is not expected to amount to a great deal with commonly encountered tube /
reector geometries. This can be veried through experimental analysis.
With the model, attenuation functions and possible reection artifacts theoreti-
cally outlined, the next step is to experimentally examine the model to ascertain
its merit. This is covered in the next chapter.
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Chapter 9
Experimental investigation of
reection models
The model and conditions outlined in the previous chapter for reective surfaces
need to be experimentally veried to determine their viability and ascertain their
predictive power.
9.1 Mirror geometry
Reective aluminium sheets for use in phototherapy generally consist of pressed
sheet metal. This sheet metal can be left at and placed behind the tubes, or
shaped and pressed into mirror arrangements to further increase the irradiance.
To examine this, a Waldmann UV-1000 cabin was reverse engineered and the
mirror sheets removed from it. The geometry of the tube / mirror arrangement
seen on the non-inclined wall of this cabin is illustrated in gure 9.1 and laid out
in table 9.1.
Table 9.1: Relative positions of Mirror points (tube centre on origin)
Mirror point Relative position
UX1; UZ1 23.5 mm, 49 mm
UX2; UZ2 23.5 mm, -49 mm
LX1; LZ1 -28.5 mm, 16 mm
LX2; LZ2 -23.5 mm, -16 mm
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9.1 Mirror geometry
Figure 9.1: Geometry of Waldmann UV-1000 reector sheet / tube on at side
The sheet metal can be pressed into whatever conguration the manufacturer
requires. Interestingly, there are two dierent arrangements inside the Waldmann
UV-1000 cabin; in addition to the dimensions shown in the gure and table,
there is also a slightly dierent conguration with the front width set at 80mm
rather than 98mm. For experimental purposes, the 98mm set up was replicated
outside the cabin to investigate the eect of reections from this arrangement. A
holder was designed to keep the mirror in place around the vertical tube and the
back mirror was blacked out with matt black cardboard. The experiment was
set up in a similar fashion to rotating detector test outlined in chapter 7. The
two side mirrors could be covered by using long thin strips of black matt card
and the eects on the measured irradiance observed. A simplied version of the
experimental set up is shown in gure 9.2.
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9.1 Mirror geometry
Figure 9.2: Geometry of the reection investigation set-up.
Manipulating the image equations C.5 and C.6 and placing the tube centre at
the origin yields images with centres through M1 and M2 respectively as
(PX1; PZ1) = ( 0:0308423; 0:04860) (9.1)
(PX2; PZ2) = ( 0:0308423; 0:04860) (9.2)
This establishes the position of the image centres through both mirrors, quanti-
fying where one would expect the centre of the image to occur through M1 and
M2 respectively.
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9.2 Experimental setup
Figure 9.3: Converted UV-1000 cabin for reection testing (A) depicts set-up
with distance from tube centre D = 0:3285m and (B) depicts the case when D =
0:5685m. Both side mirrors are covered with hard card in this gure.
9.2 Experimental setup
In this experiment, one half of a UV-1000 cabin was examined. All tubes except
a single tube in the centre (Phillips TL/01 100 W ) were removed and all mirrors
apart from those surrounding the single tube were covered up with matt black
cardboard. A cradle was constructed to allow the automated detector move along
the distance axis from the tube. Distances along the cradle from the tube centre
were graduated. The visible extent of the tube was 1.688 m and the detector head
was a relative height of 0.845m along the length of the tube. The back mirror
behind the single tube was also blacked out with thin strips of matt black card-
board to initially discount any stray reections from the back mirror. In addition
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9.2 Experimental setup
to the free standing set up, two sheets of hard matt black card were constructed
which were wide enough to block out the side mirrors. The experimental set up
with these cards in place is shown in gure 9.3. With the experiment set up this
way, a series of dierent investigations could be undertaken.
9.2.1 Reection data
The cradle allowed the radial distance from the tube centre to be varied while the
lateral displacement was kept constant at 0. The value of D was varied and at
each value, four sets of measurements were taken with the automated detector.
These were
1. A full rotation of measurements with both side mirrorsM1 andM2 covered
with the cardboard shields.
2. A full rotation of measurements with M1 uncovered and M2 covered.
3. A full rotation of measurements with M2 uncovered and M1 covered.
4. A full rotation with both both M1 and M2 uncovered.
The logic behind running the rst test was to quantify the properties of the tube
itself without reection. The irradiance prole from the mirror-shielded tube
with the automated detector was expected to look the same as the irradiance
prole of a freestanding tube as outlined in chapter 6. Essentially the tube only
irradiance provided a baseline against which reection contributions could be
quantied. The second and third measurement sets quantied the eect of M1
and M2 respectively and the nal set of measurements provided data for the
tubes together which would include any potential secondary reection eects.
The reection contribution from either mirror could then be simply calculated by
subtracting the baseline of the data set from a run with the mirror in question.
The experiments were run and repeated and the results collected and analyzed.
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9.3 Results from reection data
The value of SR for the Phillips tube was found to be 0.942 W/m with a standard
deviation of 0.017 W/m. This is within 96% of the value for the previous tubes
examined and was perhaps slightly lower due to the fact the tube tested in this
experiment had seen prior clinical use whereas the tubes used before had never
been used in clinical practice. The collimated detector recorded one peak with
just the tube, two peaks for a tube and a side mirror and three peaks for the
tube and both side mirrors uncovered. Direct and reected contributions for
D = 0:3285m, D = 0:4685m and D = 0:5685m are shown in gures 9.4 and
gure 9.5.
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Figure 9.4: Relative contributions of Irradiance at D = 328:5mm
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Figure 9.5: Relative contributions of Irradiance at (A) D = 468:5mm and (B)
D = 568:5mm
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9.3 Results from reection data
Comparing the data sets, it is clear that there is a reected image for each side
mirror as is clearly seen in the results graphs. The reected data appears to
get close to its peak and then gradually drop o towards the edges. A rough
value for the reectivity of the mirrors can be calculated if one assumes that the
maximum value for reected data is roughly inline with the model peak for the
reected data. This gives a value for the reectivity Rf of 0.776 with a standard
deviation of 0.014. This in reality may be a slight underestimation due to the
fact that the mirror may cause clipping just prior to the respective peaks but
the minimal variation suggests that it is consistent and close to this maximum
value. The total irradiance for any surface normal is the clinical quantity of most
interest and this can be found from the measured data. This can be compared
and contrasted with the reection model with mirror attenuation derived in the
previous chapter. The results of this analysis are shown in gures 9.6 and 9.7.
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Figure 9.6: Full rotation with D = 328:5mm and linear attenuation
144
9.3 Results from reection data
−60 −40 −20 0 20 40 60
0
2
4
6
8
10
12
Angle (Degrees)
Irr
ad
ian
ce
 (W
/m2
)
 
 
Simulation
Measured Data
−60 −40 −20 0 20 40 60
0
1
2
3
4
5
6
7
8
9
10
Angle (Degrees)
Irr
ad
ian
ce
 (W
/m2
)
 
 
Simulation
Measured Data
Figure 9.7: Full rotations (A) D = 468:5mm and (B) D = 568:5mm with linear
attenuation
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ection data
Table 9.2: Goodness of t for linear attenuated reective model
D of Rotation r2 value for measurements at D
326:5mm 0.9828
468:5mm 0.9854
568:5mm 0.9865
The co-ecient of determination for these rotations with linear attenuation are
given in table 9.2. In general the ts are satisfactory, however the model slightly
overestimates the irradiance in each case. This is likely due to the ah hoc at-
tenuation factor not falling o fast enough but is still close enough that it gives
remarkably good results. The same analysis can be performed for the squared
attenuation function and this is show in gures 9.8 - 9.9.
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Figure 9.8: Full rotation with D = 0:3285m and squared attenuation
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Figure 9.9: Full rotations (A) D = 0:4685m and (B) D = 0:5685m with squared
attenuation
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9.4 Contributions from secondary reections
Table 9.3: Goodness of t for squared attenuated reective model
D of Rotation r2 value for measurements at D
326:5mm 0.9904
468:5mm 0.9927
568:5mm 0.9927
The squared attention function is a slight improvement over the linear function.
While it still slightly overestimates, it is closer to the data points at far angles.
Table 9.3 gives the co-ecient of determination for the squared attenuation func-
tion, all of which are slightly better ts than the linear t. Of course as this
function exists to adapt a one dimensional model to the eects of three dimen-
sional clipping, it is very likely that better functions could be found that would
improve the t. Despite this, the simple functions derived result in very good
agreement.
9.4 Contributions from secondary reections
The contribution from secondary reection was found by subtracting the the sum
of direct, M1 and M2 irradiance from a run with both mirrors. It was found to
be minimal and hard to distinguish from noise. The dierence for D = 0:3285
and D = 0:4685 are shown in gure 9.10. The low values recorded suggest it can
eectively be disregarded.
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Figure 9.10: Secondary contributions are minimal in all cases
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9.5 Contributions from back mirror
−60 −40 −20 0 20 40 60
0
2
4
6
8
10
12
14
16
Angle (Degrees)
Ir
ra
di
an
ce
 (W
/m
2 )
 
 
Back Mirror covered
Back Mirror uncovered
Figure 9.11: Irradiance with and without back mirrors at D = 0:4185. The
dierence in both rotations is negligible
9.5 Contributions from back mirror
The experiment was repeated with back mirrors and both side mirrors uncovered
to ascertain if the back mirror had any eect on over all irradiance; specically
,if back directed radiation would be scattered from the back mirror to the side
mirror and then out. However, after investigation, the back mirror was found to
contribute a negligible amount to the recorded irradiance. An example of this
is shown for D = 0:4185m in gure 9.11. The indication seems to be that the
presence of the back mirror does not heavily inuence overall irradiance and can
be discounted.
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9.6 Conclusions
The eects of secondary reection seem to be minimal in this particular mirror
geometry and hard to distinguish from noise. Similarly, the eects of the back
mirror did not change the results signicantly and suggests it can be disregarded
without loss of generality.
The collimated detector saw three distinct peaks in each rotation (gures 9.4
and 9.5 ) with both side mirrors exposed; a high central peak and then lower
peaks equidistant on either side. This observation supports the theory underpin-
ning the specular reective model, as it predicts an non-diuse image of the tube
will be formed in mirrors surrounding it. The model predictions versus what was
measured in the subsequent rotations were in very close agreement. The Rf mea-
sured value of 0.7761 with a standard deviation of 0.014 was slightly lower than
the up to 0.85 quoted by Waldmann, but as the cabin being used was quite old,
gradual degradation of the anodized layer could explain the lower value. Also,
the method by which RF was calculated meant that if the peak in the data didn't
include the image centre a lower value could arise. In any case, the agreement is
good in all cases and the standard deviation low.
The model clipping factor seems to be the greatest cause of uncertainty, and
greater accuracy would result from a better attenuation function. Despite this,
the AS factor gives impressive agreement and this model could be used as a basis
for characterizing cabin reections. Results were taken for o axis measurements
and these also seemed to be in agreement with the model, however the measure-
ments with lateral displacement were taken so far back that the readings were low
and noise a signicant problem. More investigation into what happens in these
situations is recommended. The model does seem to give good agreement and
can be used to model the eects of reected UVR onto a patient in a treatment
cabin.
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Chapter 10
Ultraviolet dose modeling
In previous chapters, the nature of tube emissions, body obstructions and reec-
tive contributions have all been discussed. With these factors quantied, it is
possible to investigate and model the irradiance from a geometrical tube arrange-
ment or series of tubes to estimate patient dose in dierent clinical situations.
10.1 Example with UV-1000 layout
The Waldmann UV-1000 cabin consists of twenty six TL/01 type bulbs arranged
in two distinct mirror geometries. A full diagram of the layout can be found
in appendix D and an illustration is shown in gure 10.1. In a UV-1000 cabin
there are two distinct mirror geometries; those with a face width of 98mm and
those with 80mm, both of which are labeled in the gure. Ten of these lamps
are arranged with the former geometry and the remaining sixteen with the latter.
The automated detector with arm length LT = 0:15m makes a full rotation when
centred in the cabin and it is possible to then estimate the recorded irradiance in
such a rotation.
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Figure 10.1: Waldmann UV-1000 cabinet layout. Tubes with a front width of
98mm are shown in blue, tubes with front width of 80mm in red.
It is relatively straightforward to implement a simple simulation to estimate the
dose recorded by an automated detector rotating around in the cabin as shown
in the gure. This is shown in gure 10.2 with the abrupt attenuation for ease
of programming and SR = 0:97, RF = 0:78 . The simulation is to illustrate
the concept and as it uses an overly harsh attenuation it may result in sharp
cut-os. It is of course possible to use the AS attenuation function to improve
the quality of the simulation as discussed in the previous chapters. The average
cabin irradiance from the simulation is 71:36W=m2 or 7:136mW=cm2 which is in
remarkably good agreement with the measured average value of 70:045W=m2 or
7:0045mW=cm2, also shown in gure 10.2.
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Figure 10.2: Simulation of a UV-1000 cabin. Abrupt attenuation used for sim-
plicity and illustration of concept with average value of 7:136mW=cm2. Bot-
tom bar chart shows measurements of average cabin irradiance for dierent mod-
els, reproduced with permission of CJ Martin. Irradiance for UV-1000 cabin is
7:0045mW=cm2, in excellent agreement with simulation average.
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10.2 Eects of tube failure
Figure 10.3: Elliptical patient standing in front of ve UVR tubes.
10.2 Eects of tube failure
An advantage of having a UVR dosimetry model is that is allows simulation of
eects both desirable and undesirable. For example, it is possible to simulate the
eects of tube failure on patient dose. Consider the elliptical patient depicted in
gure 10.3 whose torso is centred on (h; k) = (0:5m; 0:5m) and semi-major axis
length a = 0:1935m and semi-minor axis length b = 0:1185m. The patient is
standing facing ve UVR tubes with surrounding reectors, each reector having
a face length of 98mm. The patient normal from their chest is denoted by the
black arrow ~n =  ~x. It is possible to use the irradiance / reective model this
time with attenuation factor AS to estimate the change in recorded irradiance
when dierent lamps fail. When a lamp fails, it is reasonable to assume the
reectors around it cease to contribute.
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ects of tube failure
Table 10.1: Eects of failing tubes
i ii iii iv v Irradiance (W=m2) Relative intensity
On On On On On 33.5598 1
O On On On On 29.0642 0.8663
On O On On On 25.5501 0.7613
On On O On On 24.9904 0.7447
O On On O On 21.0646 0.6277
On On O On O 20.5048 0.6110
On On O O On 16.9808 0.5060
Table 10.1 shows the various recorded irradiances with dierent tubes failing by
utilizing the simulation with SR = 0:97 and Rf = 0:78 where lamps i   v are
denoted as being either 'on' or 'o'. The relative eect on intensity is noted
in the table alongside the recorded irradiance at the measurement point.In this
example, the eects of failing tubes can be readily quantied - a tube from the
far end failing (tube i or tube v) will reduce the over all intensity on the patient
chest to just under 87% of the total value. By contrast, a single tube failing in
the centre such as tube iii in this example reduces the intensity to just over 76%
of the initial amount. It can be seen that two tubes (tube iii and tube iv or tube
ii) account for just under half the dose received between direct contributions and
mirror contributions in this particular geometry. One of the chief advantages of
the model is that it allows for greater investigation of issues such as this which
often arise in UVR phototherapy.
156
10.3 Eects of mirror geometry
10.3 Eects of mirror geometry
The reective portion of the model has some interesting predictions regarding
mirror geometry. Specically, it indicates that the wider the mirror angle  is,
the more UVR is forward directed and the less clipping becomes a factor, meaning
less reduction in the emitted radiation. Conversely, the smaller the angle is, the
more radiation is clipped by the reector edge, and the less radiation that is
eectively forward scattered. When the angle  = =2, another problem arises
in that the side mirrors essentially become a 'at' back mirror such as those seen
in the National Biologic cabinets. This situation is also not ideal, as there is
now only one image rather than two and clipping from the tube itself becomes a
factor. This has implications for how cabins are built and indeed, there is also
physical evidence that tubes with 'wider' angles are more ecient. Figure 10.5
shows the approximate irradiance per tube in various cabin geometries.
Figure 10.4: Average output per lamp arrangement. Highest output is from UV-
5040 arrangement (3:081W=m2) which also has largest angle values with arrange-
ments from  ' 50 to  ' 70
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Figure 10.5: Simulated eects of dierent face lengths and consequently  angles
on rotational irradiance.
Table 10.2: Reector geometries
Face length (mm) Depth (mm)  (degrees) Typical Conguration
80 52 22.46 UV-1000 corners
98 52 30.34 UV-1000 sides
160 52 50 UV-5040 sides
In table 10.2 above, there is a distinction between the angle at cabin sides and
corners. This is because there are can be multiple mirror arrangements even
inside a single cabin. In the UV-1000, there are two; one along the long side and
another at the inclined sides. See appendix D for more details.
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The eects of varying the angle and face length are quite clearly shown by the
model; a greater value for  results in a wider spread of UVR around the cabin and
slightly reduced irradiance directly in front of the tube. Smaller values for  and
correspondingly smaller values for the face length result in most of the reected
UVR being directed into a very narrow stream in front of the tube and very
little spread around the cabin. This has implications for how cabins are designed
and indeed what reector geometries may be preferable for dierent forms of
treatment. A valid question is do we expect more or less potential contribution
from secondary reections with a wider  angle. The answer is no, as a wider
angle forces the secondaries closer together and they endure more clipping. An
example of this for  = 50 is depicted in gure 10.6.
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Figure 10.6: Secondary images (shown in orange) for  = 50. Secondary images
are extremely clipped.
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Bringing together separate elements such as tube and reective modeling which
have been previously outlined in this work allows theoretical investigation of
numerous problems in phototherapy. Potential applications of these have been
outlined in this chapter for examples such as tube failure and the impact of dif-
ferent mirror geometries.
It is possible to combine these elements with the obstruction factors outlined
for the radial precursor, and this could allow for very powerful dosimetry. It
would be possible to model this either by coding it or using the results of this
work in a commercial light tracing package, specifying how tubes emit and how
reections are formed. Such packages can be costly but with correct modication
could more than suce to run implement the ndings of this volume of work.
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Chapter 11
Conclusions and future work
The aim of this work was to develop a model for dosimetry in ultraviolet pho-
totherapy, and investigate the factors inuencing this. A model was outlined with
good predictive power to deal with both direct irradiance and reected irradiance,
and a method for estimating the shielding factors provided by the patient was
explored. The chief conclusions of this work are listed in the following sections.
11.1 Characterization of Lamp source
Fundamental to the aim of this work was to nd a powerful and accurate method
of determining the output irradiance from a UVR lamp source at any potential
orientation and distance from the tube itself. The radial model was found to
be lacking and useful only for very specic applications in the near eld when
the surface orientation was parallel with the tube surface and facing it directly,
a situation that cannot realistically be expected in phototherapy applications.
With this model not adequate, a new model was derived that treated the lamp
as a one dimensional line source. This model was theoretically derived and was
in principle capable of handling the situations in phototherapy where the surface
normal may take many values. The model was experimentally veried and found
to give very impressive accuracy, thus qualifying it for use as a model of the
emissions from UVR lamps.
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11.2 Reection modeling
The next addition to the dosimetry model was to allow for reections from the
highly anodized aluminium reectors. This was done by assuming the majority
of the radiation was approximately specular and the tube forms an image in the
reector; this image would then emit as a tube standing at those co-ordinates save
its over all power output would be reduced by the reectivity of the material at UV
wavelength. The complication is that while the one dimensional line source has
no extent in the model, in reality tube sources are slightly extended sources and
thus a degree of clipping and attenuation occurs depending on the position of the
detector / skin relative to this reector. Hence, a method for estimating regions of
mirror contribution and an attenuation function allowing for the physical extent
of the tube was derived. This addition was found to give very good estimates of
the contribution of reection. The attenuation function derived was somewhat
ad hoc but quantied the clipping factor well, though better ts may be possible.
11.3 Obstruction and shielding
A method was suggested of approximating patients to conic sections to estimate
the shielding factors during treatment. With the emission from the tube modeled
and the reective contribution, it would be possible to use a mesh model of a
human body to estimate the irradiance at any point with more certainty. The
ndings of this work could be used in a commercial ray tracing package to better
model the eects of human obstruction, beyond the simple circle / ellipse method.
11.4 Future work
Future work might involve using the results of this work in conjunction with a
commercial light tracing package to better model obstructions. The attenuation
factor for reective clipping could also be examined in more depth, perhaps with
the aid of a commercial ray tracing program to better understand the attenuation
due to mirror clipping.
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11.5 Conclusions
11.5 Conclusions
The body of work in this thesis provides the framework for a full computational
dose model. Some other conclusions arising from this work are the eects of
reectors in cabin design; the reective model predicts that wider angles between
the mirrors forward directs more radiation and reduces clipping, and indeed, this
has been experimentally noted in dierent cabins. A powerful dosimetry model
has been developed that can quantify dose well. This model could be of use in
clinical practice and in the study of processes such as photoadaptation, where the
mechanisms would be easier understood if dose could be strictly quantied. This
model could also be useful for modeling the eects of common clinical situations,
including tube failure and patients standing o centre in the treatment cabins.
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Appendix A
Anodized reector specications
The graph in gure A.1 is fromWaldmann and shows the reection vs. wavelength
of Anodized 316G2. There was no such graph available for Anodized 318G2, but
the engineers pointed out that the reection behaviour of 316G2 and 318G2 is
essentially the same. Notice the modulations caused by the interference with the
anodized layer and the aluminium which display in the graph as a zig-zag shape.
The reectance of this material at  = 311nm is up to 0.85. The total diuse
reection from the material is approximately 8%.
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Figure A.1: Reectance with wavelength of 316GS Anodized material. Reprinted
with permission from Waldmann
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Appendix B
Extended source model
Chapter 6 introduced a rigorously derived line source model. This appendix
outlines the steps required to derive an extended source model or surface source
model, which instead of treating the tube as a linear array of point sources treats
every point as the surface as a point source. The analysis is broadly similar to
the line source derivation.
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Figure B.1: Important angles in the extended source model.
Consider a detector at point D a distance D away from the tube centred on (g,f)
with radius R as depicted in gure B.1. It forms an angle with the centre of the
tube of  and a bisector angle of angle of  which is given by
 = arcsin[
R
D
] (B.1)
This means that the inner angles 	 are given by
	 = =2   (B.2)
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Thus the angular extent  between the two tangent lines is
    <  <  +  (B.3)
The radial vector between points on the tube in this angular extent and the de-
tector are given by
~r = (Dx   (g +R cos))~x+ l~y + (Dz   (f +R sin))~z (B.4)
This can be rewritten for simplicity as
~r = D~x+ l~y + Z~z (B.5)
By manipulating the identity in equation 6.8, the extended form can be written as
E = SA
Z Z
~n  ~r
jnjjrj3dld (B.6)
where SA is power per unit area. This can be written as
E = SA
Z Z
AD +Bl + CZ
jnjp(D2 + Z2 + l2)3dld (B.7)
This can be solved for dl and results in an expression similar to that of the general
from
E =
Z
SA
jnj(D2 + Z2) [
(AD + CZ)(L  h) B(D2 + Z2)p
D2 + Z2 + (L  h)2
(B.8)
+
(AD + CZ)(h) +B(D2 + Z2)p
D2 + Z2 + h2
]d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Returning D and Z to this question yields
E =
SA
jnj
Z
(Dx   (g +R cos)
((Dx   (g +R cos))2 + (Dz   (f +R sin))2) [
(A(Dx   (g +R cos)) + C(Dz   (f +R sin)))(L  h)p
(Dx   (g +R cos))2 + (Dz   (f +R sin))2 + (L  h)2
  B((Dx   (g +R cos))
2 + (Dz   (f +R sin))2)p
(Dx   (g +R cos))2 + (Dz   (f +R sin))2 + (L  h)2
+
(A(Dx   (g +R cos)) + C(Dz   (f +R sin)))(h)p
(Dx   (g +R cos))2 + (Dz   (f +R sin))2 + h2
+
B((Dx   (g +R cos))2 + (Dz   (f +R sin))2)p
(Dx   (g +R cos))2 + (Dz   (f +R sin))2 + h2
]d (B.9)
This equation has no real analytical solution and cannot be solved explicitly but
can be approximated with numerical integration between the angular limits set
out in equation B.3. The extended source model is rather unwieldy in comparison
to the line source approximation but could potentially be used to investigate
clipping in the reective model. However, when a numerical approximation is
used to test this model, the results are quite poor; the model under-predicts
massively near the tube. The surface source area model has very poor predictive
power, which implies that the vast majority of the emitted photons originate in
the centre and very few are expelled at wide angles from the surface. For this
reason, it would seem the line source model is not only more simple, but far more
accurate. Ergo is is unlikely that the surface source arrangement would improve
the dose model as it stands without major modication or weighing.
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Appendix C
Method of nding S
Finding the points of intersection illustrated in gure C.1 is important to esti-
mating the attenuation factor AS. There are several ways to do this and one
method is outlined in this appendix. The idea behind the method is essentially
to nd the tangent at P and the equation of the line L from the measurement
point through the upper mirror point U . The equation of the tangent line T
with slope mT can also be readily found, and from this the equation of the line
orthonormal to it through the point P with slope  1=mT . From this, the point
of intersection M can be found and hence S.
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Figure C.1: Points of interest in attenuation zone
The detector stands at D = (Dx; Dz). The slope of the line L through the
upper part of the mirror part U is given by
mL =
Dz   Uz
Dx   Ux (C.1)
and so the z co-ordinate along this line for any value of x is then
z = mL(x  Ux) + Uz (C.2)
This is the central line equation. Now an equation is needed for the line T from
the detector at D to the tangent point at P . The slope of this line mT can be
171
taken by nding the angle  from D to the centre of the tube (Sx; Sz and the
bisector angle  as outlined in chapter 5 and appendix B. From this is follows
that the slope is
mT = tan( + ) (C.3)
and it follows that the equation of this line is
z = mT (x Dx) +Dz (C.4)
This tangent line T touches the tube at one place P = (Px; Pz). Solving one allows
easy calculation of the other. Knowing the discriminant is zero at a tangent point,
manipulation of the quadratic identity gives
Px =
2(Sx +mTSz  mT (Dz  mTDx))
2(1 +m2T )
(C.5)
and from this
Pz = mTPx +Dz  mTDx (C.6)
and hence from this S can be easily calculated by using the distance formula
S =
p
(Sx   Px)2 + (Sz   Pz)2 (C.7)
and from these both the linear and squared attenuation factor can be calculated.
Linear attenuation is given by
AL = 1  S=R (C.8)
and the squared attenuation factor by given by
AS = (1  S=R)2 (C.9)
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Appendix D
UV-1000 Engineering diagram
This appendix contains an autocad generated diagram of one half of the Wald-
mann UV-1000 layout, containing thirteen UVR lamps. The diagram was mea-
sured and put into CAD by Brendan Grimes of BEST Ltd.
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Figure D.1: UV-1000 CAD layout. Courtesy of Brendan Grimes (BEST Ltd.)
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Appendix E
Uncertainty budget
This appendix contains a brief uncertainty budget for the rotating detector to
quantify the sources of error in the experiment. Sources of errors were
 An error of up to 1cm radially outwards from the tube due to errors reading
and aligning the scale ruler beside the track cradle
 An error of up to 1cm in the height measurement of the detector face and
tube
 An error of up to 0:45 in a rotation of automated detector
 An error of up to 1 from potential lean of the apparatus below the level
the spirt level could detect
 An error in measuring the radius of the tube
 An error due to radiometer round up / round down approximation.
These factors were duly considered and the respective maximum potential error
in irradiance was calculated for each factor. As the model is quite complex,
there are two uncertainty budgets presented; one in the very near eld of the
tube, 10cm from the tube surface and another further away, 50cm from tube
surface. The errors were calculated for a set up facing the tube at these two
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values respectively. The detector was positioned at a height 85cm along the tube
length and displacement in the z-axis was zero initially. SR was 0.98.
Table E.1: Uncertainty Budget 10cm from tube surface
Uncertainty type Maximum error Uncertainty Value
Displacement error 0.01 m 1:54W=m2
Height error 0.01 m 3x10 4W=m2
Radius error 1x10 4m 1:4x10 3W=m2
Rotation error 0:45 3x10 4W=m2
Inclination error 1 2x10 3W=m2
Radiometer error 5x10 3W=m2 5x10 3W=m2
Total Uncertainty 1:54W=m2
Expanded Uncertainty 3:07W=m2
At 10cm displacement there is a maximum expanded uncertainty of 3:07W=m2
where the ideal reading is 16:3852W=m2. Total error at worst case is likely to be
16:3852  1:54W=m2. It is immediately apparent that displacement from tube
surface is the biggest potential source of error. This can also be seen with 50cm
displacement from surface budget in the next table.
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Table E.2: Uncertainty Budget 50cm from tube surface
Uncertainty type Maximum error Uncertainty Value
Displacement error 0.01 m 8:1x10 2W=m2
Height error 0.01 m 4x10 4W=m2
Radius error 1x10 4m 7x10 5W=m2
Rotation error 0:45 1x10 4W=m2
Inclination error 1 3x10 4W=m2
Radiometer error 5x10 3W=m2 5x10 3W=m2
Total Uncertainty 8:1x10 2W=m2
Expanded Uncertainty 1:69x10 1W=m2
From the 50cm uncertainty budget table it is clear that the expanded uncertainty
is 1:69x10 1W=m2 when the ideal reading is 3:2372W=m2. Total error at worst
case is likely to be 3:23720:08W=m2. Again, diculty in measuring displacement
is the biggest possible source of error. As a result of this budget, it can be seen
an improvement in distance measuring is recommended for greater accuracy.
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Appendix F
Appendix
The gure in this appendix shows a human appendix. As there is currently no
evidence that this particular organ has any relation to any of the biomedical and
biophysical topics discussed in this thesis, one could conclude that this appendix,
like its physiological namesake, is entirely vestigial.
Figure F.1: The Appendix, reproduced with modication from Gray (1918)
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